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ABSTIUCT 


(ti)  Teciinical  results  oUtaiiu-d  at  the  coBipl ctioii  of 
tlic  '.'ontract  effort  are  dcKri-ilied  for  tlic  Advanced 
Cryoi^ctiir  Rocket  I'sigi  >’.<■  I’roKi-e.ia,  Aerospike.  This  j)ro~ 

Kratn  incliideii  ntinlysis  aad  prelimiiinry  desipi  of  no 
advanced  j’ocket  eii{;>''t‘  tJ'-.iiift  at-  aerospiki-  nozzle  and 
cxjieriraeiitnl  evaluation  of  critical  technology  related 
to  the  ni'rosjiiUe  concept.  Cofoponent  utid  Etyatcm  feutiiies, 
idiysical  arrungewonl 3 ,  design  ])arametcrH  and  details, 
operational  cliarac teristi cs ,  and  performance  have  been 
egtablislu'd  for  an  optimum  demonstrator  engine.  Studies 
vei-e  made  of  application  of  a  flsgtit  (Uigine  to  certain 
Vehicle.^,  h.xperi  mental  injector  }>erf  ormanec  inve.sti  gat  ions 
and  experinicntul  cooling  investigations  on  segment  chambers 
were  coodiicted,  producing  tliC  target  combustion  per- 
foruiance.  Various  materials  wei'e  studied  for  long 
life  of  thrust  clsamber  cooling  passages  and  the  target 
life  was  dcuoustrated .  Full-scale,  cooled  thrust  cham¬ 
bers  were  fabricated  and  tested  for  overall  combustor 
and  nozzle  performance  demonstrations.  Injector  failure 
limited  these  tests;  however,  nozzle  and  combustor  per¬ 
formance  were  as  pi  cdicted  when  not  influenced  by  excess 
leakage.  Structural  and  cooling  evaluations  were  con¬ 
ducted  on  a  segment  embodying  essential  elements  of  the 
DoHonstrator  chambe^r  design . 


v/vi 


CON  I'LM  S 


Vii  1  wnu  1 


I  111  rod  uc  lion 


Suminarj'  .  .  .  .  . 

Module  Deuigii 
Apiilicutioii  Study 
rabricatioii  and  Tost 


Conclusions  and  Ilftcomiiiendaliona 
Task  1,  Design  mid  Analysis 
Demonstrator  Module  Design 
flight  Module  Design 
Application  Study  .  .  .  . 


Volmuij  II 


Task  11;  Fobricatioii  and  Test 


Injector  Performance  luvestigaiioii  . .  .  .  393 

Tliruat  Chamber  Cooling  Iiivesiigotioji . .  .  ,  >iC2 

Thrust  Chamber-Nozzle  Demonstrutio.u . 379 


Segment  Structural  evaluation 


Performance  Calculation  Ticlinique  foi  the  ADI* 


Film-Cooled  Se.  .v'lit  Tests 
Appendix  II 

Hot-Gas  Tapoff  Calculationo 


Appendix  III 

Heat  Transfer  Data  licducdor.  for  Water-Cooled  Segments 
Appendix  IV 

Tube-to-Kody  Caiity  Vent  riovision  . 


VI 1 


Appendix  V 

System  Perloriiiftiiff  Sample  Calculations . 881 

Appendix  VI 

Instrumentation  Nomenclature  .  891 

Appendix  VII 

Flovrate  Calculation  Methods . 89^i 

Appendix  VI II 

Chamber  Start  Sequence  .  897 

Appendix  I.\ 

Altitude  Compensation  .  .  . . .  .  903 

Pefereiices . 907 


I 


viii 


/ir\/r\rtnranr:M^nncr:in  n  n 


ILI^USIMTIONS 


Frontispiece.  Aerospike  Flight  Fiigiiie  Mockup  ,  . . iii 

Frontispiece.  Tube-Wall  Test  and  Firing  at  Nevada  Field 

Laboi'ntoi'v . iv 

1,  Demonstrator  Module  Schematic  .  7 

2A.  Demonstrator  Module  Layout  ...  .  11 

2D.  Demonstrator  Module  Layout  .  12 

3.  Engine  Accessibility  .  . . .  .  8 

'^1.  25OK  Thrust  Cliaraber  Demonstrator  Module-  . 15 

5.  Degenerative-Coolant  Flow  Circuit  . . I6 

6.  Demonstrator  Engine  Fuel  Turbopump  .  19 

7.  Demonstrator  Engine  Oxidizer  Turbopump  .  22 

8.  Demonstrator  Engine  Throttling  and  Mixture  Ratio  Control  .  .  2h 

9.  60-Degree  LOg  Impinging  Triplet  With  Fuel  Post  Extended  and 

Both  Chamfered  and  Nonchamfered  LO^  Strips  .  32 

10.  Triplet  Injector  Performance  in  the  2.5^  Segment  Thrust 

Chamber . 33 

11.  Combustion  Efficiency  vs  Cyclic  Test  Number  Nickel  Tube-Wall 

Segment  Cycling  Tests  .  3^ 

12.  20K  Performance  Compared  to  2.5K  Performance . 35 

13.  25OK  Candidate  Triplet  With  Fuel  Post  . . 3^> 

14.  Injector  After  First  Braze  Cycle  .  .  37 

15.  25OK  Tube-Wall  Thrust  CImrober  C.j,  Performance  vs  Pressure 

Ratio  ,  40 

16.  Experimental  Base  Pressure . 41 

1  H  OernV  *--+  r* !»»%»« T  mwii  1  e**  a 

I,  f  m  —  X/ A  »w 

Ratio  . . 42 

18.  Experimental  Heat  Flux  Distribution  From  2.5K  Water-Cooled 

Segment  Test  . 44 

19.  Throat  Heat  Flux  vs  Chamber  Pressure  ........  45 

20.  Contoured  Tube  Overall  Heat  Transfer  Characteristics  ...  46 

21.  Experimental  Coolant  Heat  Transfer  Results  for  25OK  Experi¬ 

mental  Tubes  Relative  to  Theoretical  Straight  Smooth  Tube  Heat 
Transfer  Coefficient  .  .....  47 

“iraa 

(This  page  is  Unclassified) 


48 


22.  Low-Cycle  Fatigue  Cliaracteristica  (Nickel  5200) 

23.  Completed  250K  Tube  Wall  Outer  Body  . 55 

24.  Completed  25OK  Tube  Wall  Inner  Body  . 56 

25A.  Demonstrator  Module  Layout  .  68 

25D.  Demousti'ator  Module  Layout  . 69 

26.  Demonstrator  Module  Sclieniatic  . 70 

27.  Demonstrator  I'ngine . 76 

28.  Demonstrator  Lngine  vs  Altitude  .  60 

29.  Demonstrator  Engine  Throttling  Performance  .  82 

30.  I'Jngine  Vacuum  Start  Transients . 83 

31.  Engine  Sea  Level  Start  Transients  ...  86 

32.  Engine  Cutoff  Transients  .  88 

33.  Tapoff  Throttle  Valve  A  P  vs  Flowrate  .  91 

34.  Oxidiiier  Turbine  Throttle  Valve  A  P  vs  Flowrate  ....  92 

35.  Variation  of  With  Mixture  Ratio  . . 98 

36.  Variation  of  Thrust  Chamber  Mixture  Ratio  With  Engine 

Mixture  Ratio  .  98 

37-  Demonstrator  Engine  vs  Altitude  .  100 


38.  Demonstrator  Engine  Throttling  Performance  .  101 

39.  Nozzle  Geometric  Efficiency  vs  Mixture  Ratio  .  102 

40.  Variation  of  Base  Pressure  With  Flowrate  at  Vacuum 

Conditions . 104 

41.  Variation  of  Engine  Vacuum  With  Secondary  Flowrate  at 


Vacuum  Conditions  .  104 

42.  Tapoff  Gas  MR  vs  Hydrogen  Inlet  Temperature  .  105 

43.  2,5K  Segment  Tapoff  Temperature  vs  Chamber  Pressure  .  .  ,  105 

44.  Delivered  Perfonufince  Calculation  Procedure  .  106 

45.  Vacuum  Specific  Impulse  vs  Chamber  Pressure,  Effect  of 

Turbine  Inlet  Temperature  .  .  108 

46.  Vacuum  Specific  Impulse  vs  Chamber  Pressure,  Effect  of 

Turbopump  Efficiencies  .  108 

47.  Engine  Sensitivity'  With  Turbomachinery  Parameters  ....  108 

43.  Start  Model,  HGI  Flow  Transient . .  110 

49.  HGI  Oxidizer  Pressure  Regulator  Requirements  .  112 

50.  Aerospiko  Cycle  Comparison  .  115 

51.  Candidate  Engine  Control  Points  .  120 


X 


t 


Dynamic  Performance  Path  for  an  Open-Loop  Control  System 

Operating  Envelope  Comparisons  . 

Comparison  of  Effect  of  Mixture  Ratio  on  Performance  Index 

System  and  Subsystem  Schematic  .  .... 

System  and  Subsystem  Schematic  . 

Thrust  System  Layout  . 

Thrust  System  Layout  .  ... 


A  ss  n  1m  T  /I  Tl  ^  A  «v«r 

*  V  0^  A  A*v  a.uv  ^  a 


Thrust  Structure  Candidates 


Titanium  Thrust  Structure  Weight  ve  Depth  of  Truss 
Struct«ire  . . 


Ginisal  Height,  and  Thrust  Structure  Space  Limitation 

Diagram  . 

Increose  in  Dynamic  Envelope  Requirement  With  Gimbal  Center 

Elevation  Above  Position  Where  H  ,  . .  =  R,  .  . 

static  dynamic 

Pin  posed  Adjustable  Pump  Mounting  Concept . 

Propellant  Feed  Subsystem  Layout  . 

Pemianstrator  Module  Turbine  Drive  Subsystem  .... 
Deinoti3t.cator  Module  Turbine  Drive  Subsystem  .... 
Demonatrator  Module  Ignition  Hot-Gas  Subsystem 
Demonstrator  Module  Ignition  liot-Gas  Subsystem 

Engine  Accessibility  . 

25OK  Thrust  Chamber  Demonstrator  Module  . 


Demonstrator  Engine  Thrust  Chamber  Assembly 
Demonstrator  Module  Thrust  Chamber  Segmented  Titanium 
Structural  Shell  . 


Regenerative-Coolant  Flow  Circuit  . 

Application,  Machining,  and  Plug  lusertion 
Double-Expansion  Shroud  Nozzle  Design  Sthcroatic 
Sea  Level  Inner  Bqdy  Wall  Pressure  Profile 
Full-Length  Shroud  Pressure  Profile  .  .  .  . 


Sea  Level  a>id  Lltiiude  Nozzle  Pressure  Profile 
Combuotor  Body  Loads  Due  to  Thrust  and  Pressure 
Shear  Strength  va  Temperature  HT  424  Film  Adhesive 
Throat  Deflections  for  Center  Compartment  at  Several 
Chamber  Pressures  .  .  . 


79.  Experimental  Heat  Flux  Distribution  Froia  2.5K  Water-Cooled 

Segment  Tests  . 191 

80.  Throat  Heat  Flux  vs  Chamber  Pressure . 192 

81.  Effect  of  Mixture  Ratio  on  Throat  Peak  Heat  Flux  With  0„/H 

Propellants . 193 

82.  Effect  of  Mixture  Ratio  on  Conlnnt  Mas  s  Velocity  und  Plov/ 

Area  Requirements  1500  P^,  Constant  Combustion  Gas 


Fiovraie  0.008  Inch  34?  CUES  Tube,  T  =  l600  F  ....  195 

vg 

83.  Contoured  Tube  Overall  Heat  Input  Characteristics  .  .  .  196 

84.  Design  Coolant-Side  Curvature  Enhancement  Factor  ....  198 

85.  Coolant-Side  Roughness  Enchancement  Factor  .  199 

86.  Gas-Wall  Temperature  vs  Coolant  Curvature  Enhancement  .  .  200 


87-  25OK  Demonstrator  Heat  Flux  Profiles . 203 

88.  Demonstrator  Engine  Inner  Body,  0.012-Inch  Nickel  200  Tube  .  204 

89.  25OK  Demonstrator  Inner  Body  Coolant  Mass  Velocity  and 

Total  Pressure  Profiles  .  205 

90.  25OK  Demonstrator  Hydrogen  Temperature  Profile,  Inner 

Body  . . 207 

91.  25OK  Demonstrator  Outer  Cody  . 208 

92.  25OK  Demonstrator  Outer-Body  Coolant  Total  Pressure  and 

Mass  Velocity  Profiles  .  . . 209 


93"  Injection  Temperature  va  Chamber  Pressure  .  211 

94.  Bulk  Temperature  (R)  of  Hydrogen  in  Coolant  Tubes  vs  MR  .  .  212 

95.  Hydrogen  Velocity  Head  as  u  Function  of  Mass  Flux  for 

Trnn.sfer  Passage  Design  . . 2 14 

96.  Coolant  Passage  Area  vs  F'lovrate  for  Selected  Mass  Flux  .  .  215 

97.  Conventional  Inconel  7I8  Structural  Concept,  250K  Aero- 

spike  Thrust  Chamber  Demonstrator  Module  .  .  216 


98.  Demonstrator  Chamber  Study  .  217 

99*  Demonstrator  Chamber,  Pressure  Diffusion-Bonded  Titanium  .  218 

100.  Structural  Tie  Concepts  . . 221 

101.  25OK  Flow  Circuits  . . 223 

102A.  25OK  Demonstrator  Engine  Injector  Assembly  ......  225 

102B.  25OK  Demonstrator  Engine  Injector  Assembly  .  226 

103.  Axial  Doited  Injector  Design  Concepts  .  235 


xli 


104.  Integral  Baffle  Injector  .  236 

105.  25OK  Demonatrator  Module  Porous  Base  Closure  Assembly  .  .  238 

106.  Base  Closure  Temperature,  Phase  I  Solid  Wall . 240 

107.  Flat  Piute  Base  Closure . 241 

108.  Oblate  Spheroidal  Membrane  Base  Closure  .  241 

109.  Head  and  Efficiency  vs  Flow  . 247 

110.  Candidate  Preinducer  Configurations  .  250 

111.  Fuel  Turbine  Weight  and  Flowrate  Tradeoffs  .....  25*^ 

112.  Mark  30  Turbine  Disc  Profiles  . . 257 

113.  First-Stage  Fuel  Turbine  Disc  Stress  vs  Radius  ....  258 

114.  Second-Stage  Fuel  Turbine  Disc  Stress  vs  Radius  ....  259 

115.  Third-Stage  Fuel  Turbine  Disc  Stress  vs  Radius  ....  260 

116.  Allowable  Operating  Speed  vs  Disc  Center  Thickness  ,  .  .  262 

117.  Summary  of  Springrates  for  Pinned-Pinned  Struts  ....  264 

118.  Summary  of  Springrates  for  Fixed-Fixed  Struts  ....  265 

119.  Demonstrator  Engine  Fuel  Turbopump  .  267 

120.  Mark  30-F  Turbine  Gas  Path  Sketch  . ’  272 

121.  Mark  30  Fuel  Pump  Performance  Map  . 278 

122.  Volute  Mockup . 280 

123.  Minimum  Required  Impeller  Vane  Thickness  .  284 

124.  Fuel  Impeller  Represet tativc  Bnckplate  Stress  Distribution.  286 

125.  Allowable  Separating  Load  vs  Temperature  for  Fuel  Impeller 

Through  Bolts  .  287 

126.  Balance  Piston  Backplate  .  ...  289 

127.  Turbine  Estimated  Performance,  Three-Stage  Version  .  ,  .  291 

128.  Third-Stage  Turbine  Blade  Interference  Diagram  ....  294 

129.  LHg  Turbopunp  Critical  Speed  vs  Bearing  Spring  Hate  .  .  298 

130.  Turbopump  First  Critical  Speed  Mode  Shape  .  299 

131.  Oxidizer  Turbine  Disc  Sizing . 502 

132.  First-Stage  Oxidizer  Turbine  Disc  Stress  vs  Radius  .  .  .  303 

133.  Second-Stage  Oxidizer  Turbine  Disc  Stress  vs  Radius  .  .  304 

134.  Third-Stage  Oxidizer  Turbine  Disc  Stress  vs  Radius  ,  .  .  305 

135.  Mark  30-0  Turbine  Third  Stage  Disc  Preliminary  Sizing 

Disc  With  Hole  . . .  .  306 


xlii 


136a.  Demonstrator  Engine  Oxidizer  Turbopntap . 3O8 

I36B,  Demonstrator  Engine  Oxidizer  Turbopump  .  309 

137 •  Turbine  Gas  Path  Sketch . 313 

138.  Mark  30  Oxidizer  Pump  Performance  Map  . . 318 

139-  Oxidizer  Impeller  Stress  vs  Radius  ...  320 


140.  Mark  3O-O  Turbine  Estimated  Performance,  Tapoft  Cycle, 

Pfirftlld  Operation,  Thrsc—St-age  Y&rsiori  •  •  •  •  • 

141.  LOg  Third-Stage  Turbine  Rotor  D. ade  Interference  Diagram 


Blade  Machined  Integral . .  324 

142.  Critical  Speed  vs  Bearing  Spring  Rate  for  Mainshaft  .  ,  326 

143.  Critical  Speeds  of  LO^  Inducer  . 327 

144.  Turbopump  First  Critical  Speed  Mode  Shop  • . 329 

145.  Functional  Diagram,  Demonstrator  Module  Performance 

Controls . 331 

146.  Performance  Controls  System  Block  Diagram  .  335 

147.  Throttle  Valve  Position  Transfer  Function  .  336 


148.  Demonstrator  Module  Response  Chamber  Pressure  as  a  Function 
of  Tapoff  Throttle  Valve  Area  at  Constant  Oxidizer  Turbine 


Throttle  Valve  Area  . . 337 

149.  Demonstrator  Module  Response  Mi.xture  Ratio  as  a  Function 

of  Oxidizer  Turbine  Throttle  Valve  Area  at  Constant  Tapoff 
Throttle  Valve  Area . 338 

150.  Control  System  Block  Diagram  .  340 

151.  Effect  of  Pump  and  Turbine  Curves  on  Open-Loop  Mixture  Ratio 

Control  System  .  343 

152.  Main  Oxidizer  Propellant  Valve  Layout  .  350 

153.  Main  Fuel  Propellant  Valve  Layout  ........  351 

154A.  llot-UBS  Tapoff  Throttle  Valve  Assembly . 356 

I54B,  Hot-Gas  Tapoff  Throttle  Valve  Assembly  .  357 

155-  Tapoff  Throttle  Valve  Pressure  Drop  Requirements  .  .  .  359 


156.  Tapoff  Throttle  Valve  Relative  Resistance  ......  359 

157-  Oxidizer  Turbine  Throttle  Valve  Pressure  Drop  Requirements.  362 
158.  Oxidizer  Turbine  Throttle  Valve  Relative  Resistance  .  .  .  562 


I59A,  25OK  Flight  Engine  . 364 

I59B.  25OK  Flight  Engine  . 364 

160.  Specific  Impulse  vs  Diameter . 373 


161. 

162. 

163. 

164. 


166. 

168. 

169. 

170. 

171. 

172. 

173. 

174. 

175. 

176. 

177. 

178. 

179. 

180. 

181. 

182A. 

182B. 

183. 

184. 

185. 


Effect  of  Engine  Diameter  on  Nozzle  Area  Ratio 

Engine  Length  vs  Engine  Diameter  . 

Application  Study  Parameters  for  Optimum  and  Common 

Modules  (Six  Cases),  MR  =  6  . 

Area  Ratio  for  Optimum  and  Cooimon  Modules,  Six  Coses 


An  Ti3 


n  A't  W  Tin 


and  Both  Chamfered  and  Nonchamfered  LO^  Strips 
LOg  Fan  Injector  Pattern  (With  Fuel  Post) 

Reversed  Pattern,  60-Degrec  Fuel  on  LO,^  Fan 
Staggered  Triplet  Injector  (No.  1-lA) 

Reversed  LO^  (N®.  1-2A) . 

60-Degree  Triplet  With  Fuel  Post  (No.  1“3A  to  1-3B) 
60-Degree  LOg  Triplet  With  Fuel  Post 

(No.  1-4A  to  1-4B)  . 

60-Degree  Triplet  With  Fuel  Post  (No.  2-lA  to  2-lG) 
60-Degree  Triplet  With  Fuel  Post  (No.  2-2A) 
60-Degree  LOg  Triplet  With  Fuel  Post  (No.  2~3A)  . 

LOg  Fan  With  Fuel  Post  (No.  3-2A  to  3-2B) 

Reversed  LOg  Fan  With  Fuel  Impinging  at  80  Degrees 

(No.  4- lA  to  4- IB)  . 

Triplet  With  LOg  Impinging  at  60  Degrees 

(No.  4-2A  to  4-2G)  . 

Showerhead  Injector  (No.  5-lA)  . 

250K  Candidate  Triplet  With  Fuel  Post 

(No.  6- lA  to  6- ID)  . 


60-Degree  IDg  Triplet  Injector  (No.  6-2A) 

2.5K  Segment  Injector  Body,  Oxidizer  Feed  System 
2.5K  Segment  Injector  Body,  Oxidizer  Feed  System 

2.5K  Solid-Wall  Thrust  Chamber  . 

2.5K  Segment  Injector  Modified  to  Duplicate  the 

Repair  Made  to  the  250K  Injector  . 

Influence  Coefficient  to  Account  for  Effect  of 
Frictional  Drag  on  Thrust . .  .  . 


.  374 

.  374 

.  386 
.  388 

.  398 

.  400 

.  402 

.  403 
.  404 

.  405 

.  406 

.  407 

.  408 

.  409 
.  410 

.  411 

.  412 

.  413 

.  414 

.  415 
.  417 
.  418 

.  421 

.  429 

.  434 


XV 


(This  page  is  Unclassified) 


J8(). 


187. 

188. 

189- 

190. 

191. 

192A. 

192B. 

193. 

194. 

195. 

196. 

197. 

198. 


199. 

200A. 

200B. 

200C. 

200D. 

200E. 

201. 


Throat  Area  Decrease  vs  Chamber  Pressure  for 

2,5K  Copper  Nozzle  . 

Divergence  Correction  for  2500-Pound-Thru6t  Chamber 
Triplet  Injector  Performance  in  the  2.5K  Sogmeiit 


Thrust  Chamber  . 

Effect  of  Chamber  Pressure  .  ... 

Measured  Hot-Gas  Tapoff  Characteristics  (2.5K  Chamber)  . 
Simulated  250K  Hot-Gas  Tapoff  Ports  in  250K 

Thrust  Chamber  .  ... 

Gas  Tapoff  Configuration  for  Tests  088  Through  092 
Cas  Tapoff  Configuration  for  Tests  093  Through  099 
2.5K  Segment  Tapoff  Temperature  vs  Chamber  Pressure  . 

2.5K  Film-Cooled,  Solid-Wall  Segment  Coolant  Passage 

Location  . 

Variation  in  Heat  Transfer  Rates  Into  Passage 

Immediately  Upstream  of  Throat  . 

Variation  in  Local  Heat  Fluxes  During  2.5K  Water 
Cooled  Segment  Firings  (Tests  No.  79  and  80)  .... 

Comparison  of  Q/A  for  Triplet  and  Fan  Injectors 
Initially  Predicted  Gas-Side  Wall  Temperature,  Heat  Flux, 
Curvature  Enhancement,  and  Mass  Velocity  Profiles  for 
2.5K  Experimental  Segment  (O^/Hgt  =  1500  psia, 

MR  =  6.0,  W  0.956  Ib/sec) . 

C  V 

2.5k  Tube-Wall  Segment  Design  . 

2.5K  Nickel  Tube-Wall  Segment  in  Process  Fabrication 
2.5K  Nickel  Tube-Wall  Segment  in  Process  Fabrication 
2.5K  Nickel  Tube-Wall  Segment  in  Process  Fabrication 
2.5K  Nickel  Tube-Wall  Segment  in  Process  Fabrication 
2.5K  Nickel  Tube-Well  Segment  in  Procets  Fabrication 
Injector  End  2.5K  Repaired  Nickel  Segment  After  Cleaning 
and  Machining  Upper  Coolant  Wall  . 


436 

439 

441 

446 

447 

449 

450 

451 

453 

454 

456 

458 

460 


466 

468 

473 

474 

475 

476 

477 

484 


202. 


/n»/n\rvin3nnr\r3r\nc-Dn  ri  n 

i!3i!DiKiiry[iyiiiKiuua 


Repaired  2.3K  Nickel  Tube-Wall  Temperature  Slmulatiun 
of  25OK  Demonstrator  . 

203.  Cycling  Test  Instrumentation  and  Flow  Circuit  Schematic 

Ntr*trol  TnVko.Vall  CSurvtnnn4 

•  •••••••••• 

204.  Segment  Thrust  Chamber  Mounted  on  CTL-3  . 

203.  Typical  Chamber  Pressure  Trace  During  2.5K  Tube-Wall 

Segment  Mains tage  Cycling  Program  . 

206.  2.5K  Nickel  Tube-Wall  Segment  Postteat  243  .... 

207.  2.5K  Injector  Unit  4-4,  After  229  Cycles  . 

208.  Typical  Tube  Tester  Thermal  Fatigue  Crack  (347  CUES 

Specimen  Alter  300  Cycles  at  70  to  1100  F)  . 

209.  Thrust  Chamber  Tube  Tester  (High  Pressure)  ..... 

210.  Typical  Throat  Cooling  Requirements  for  2.5K  Contour 

Wall  IjOg/Hg  Thrust  Chamber . . 

211.  Typical  Throat  Cooling  Requirements  for  2.3K  Contour 

Tube-Wall  LO^/H^  Thrust  Chamber  . 

212.  Gas  Side  Wall  Temperature  for  2.5K  Contour  Tube 

Thrust  Chamber  . 

213.  Throat  Heat  Flux  for  LO^/Hg  With  Gas  Side  Wall 
Temperature  of  1430  F  at  Chamber  Pressure  of 

1500  paia  . 

214.  Maximum  Outside  Tube  Diameter  at  Throat  . 

215.  Cooling  Limit  Results  lor  OFHC  Copper  . 

216.  Cocling  Limits  for  Nickel  200  .  .  . 

217.  Contoured  Tube  Overall  Heat  Transfer  Characteristics 
(2.5K  Copper  and  Repaired  Nickel  Segments)  .... 

218.  Material  Selection  Program  . 

219.  Comparison  of  OFHC  Cupper  Tube  Grain  Size  in  the  Annealed 

Condition  and  After  Simulated  Braze  Cycle  . 

220.  Comparison  of  Beryllium-Copper  Grain  Size  Prior  to 

Brazing  and  After  Brazing  . 


483 


489 

490 
504 

506 

507 

508 

514 

515 

517 


518 

518 

519 

520 

522 

525 

535 


536 


xvll 


221.  ConiiiHrison  of  Nickel  270  Tube  Grain  Size  in  the 
Annealed  Condition  and  After  Simulated  Furnace 

Braze  Cycle . 537 

222.  Cciuparison  of  Nickel  200  Tube  Grain  Size  xn  the 
Annealed  Condition  and  After  Simulated  Furnace 

Braze  Cycle . .  538 

223.  Axial  Load,  Strain  Cycle  for  a  Thrust  Chamber  Tube  .  .  .  5^3 

224.  Mechanical  Strain  at  Elevated  Temperature.s ,  Test 

Itesults  on  Brazed  Nickel  200  5'r4 

225.  Mechanical  Strain  at  Elevated  Tempera Lures ,  Test 

Bcsults  of  Candidate  Materials  .  ....  545 

226.  2.5K  Copper  Tube-Wall  Overall  Heat  Transfer 

Characteristics  . 550 

227.  2.5K  Copper  Tube-Wall  Thrust  Chamber  lli-at 

Transfer  Distribution  .  551 

228.  Effect  of  Chamber  Pressure  on  Tube  Life,  2.5K  Segment  .  .  555 

229.  Throat  Tube  Gas-Wall  Temperatures  Nickel  Tube-Wall 

Segment  Cycling  Tests . . . 557 

230.  Low  Cycle  Fatigue  Characteristics,  yickcl  200  ....  5^0 

231.  Order  of  Appearance  of  Tube  Microoracks  and  Splits 

Nickel  Tube-Wall  Segment  Cycling  Tests  .  562 

232.  Combustion  Fificiency  vs  Cyclic  Test  Number  Nickel 

Tube-Wall  Segment  Cycling  Tests  .  564 

233-  Nickel  Tube-Wall  Segment  Throat  Condition 

After  Cycle  515 . 566 

234.  Nickel  Tube-Wall  Segment  Throat  Condition  After 

Cycle  315  (side  B) . 56.? 

235.  Hot-Gas  Crowns  of  Two  Tubes  at  the  Throat . 568 

236.  Longitudinal  Section  of  Tube  A28.  The  Section  Is  Not 
Exactly  on  the  Axis,  so  That  It  Falsely  Indicates  a 

Taper  ing  Tube  Crown  Height . . . 569 


xviii 


lOliSIFiliiiKlfDa 


o 


3V. 


23B. 

239. 

2'iO. 

241. 


242. 

243. 

244. 

245. 


246. 


247. 


246. 

249. 

250. 


25  lA. 
25  IB. 

252. 

253. 

nxf. 

255. 

236. 

257. 

258. 

259. 


Cross  Section  of  "A"  High  in  tlie  Combustion  Zono, 

WnfcZ'o  There  Was  Moderate  Damage  tVom  Impingement 
Tube  U43t  With  Microhardnesa  Readings  in  Dieirond 

Pyramid  Hardncaa  Nmabers  . 

2.5R  Nickel  Tubo-Wall  Segment  . 

Ltfect  of  Wall  Temjicratuirc  on  Tube  fatigue  Life 

IJcmonatra tor  Module  . . .  .  . 

Eflh'ct  of  Chamber  Prcaanre  ew  Tube  F’atigne  Life 

Peaonstretor  Module  .  .  ,  . 

2.50K  Solid-Wall  Thrust  Chamber  Body  .Asseoibly  .  .  ,  . 

Ch'iiabcr  Locations  of  Pulse  Sui:  Ports . .  . 

Pulse  Gun  ....  . 

Haximuia  Gas-Side  Wall  Temperature  vs  Time  for  250K, 

Solid-lfall,  Film-Cooled  Chatnb'gr  . . 

Wall  Temperature  Bistribuiion  in  Throat  of  Wster 
Film-Cooled  Solid-Wall  Chamber  After  0,72  Second  . 
Predicicit  vs  Measured  Conductivity^  Solid-Wall 

Outer  body  . 

Inner-Body  Solid-Wall  Assembly  .  . 

Outer  Solid-Wall  No.  1 . .  .  . 

23OK  Solid-Wall  inner  and  Outer  Bodies  in 

As  sen, lily  Fixture . 

25OK.  Tubular  Thrust  Chamber  Inner-Wail  Assembly  . 

25OK  Tubular  Thruot  Chamber  Inner-Wall  Assembly  . 

25dK  Tubular  Thrust  Chtacber,  Oiiter-Wai.l  Assembly  . 

Inner  Tube,  A.erospike  Thrust  Chamber . 

_ 4- 

XJUVCA,  'i.'ldr'.UIIJt'A  AUL't: 

Nozzle  Contour  . 

Shroud  Length  Comparison  .  .  .  .  . 

Performance  vs  Shroud  Length  . 

Shroud  and  Spike  Pressure  Profiles  .  .  . 

fixpansion  and  Compiession  W'avcs  rn  Aerody nomic  Spike 
Nozzle  Flow  Field  Analysis  .  . 


573 

572 

573 


576 


577 

586 

587 

588 


590 


591 


593 

595 

596 

597 

599 

600 

6dl 

603 

604 

606 

607 
60s 
610 

61.1 


x:>.x 


260.  Sea  Level  Centerbody  Spike  Wall  Pressure  Profiles  .  .  .  613  V 

261.  Theorevicsl  and  Lxperimental  Heat  Transfer  Coefficients, 

250K  Experiraeiiwal  Thrust  Chamber  Breadboard  Engine, 

0„/h^,  MP.  =  6.0,  1500  psia,  Vacuum  Operaiion  .  .  .  614 

262.  Simplified  Curved  Gaseous  Hydrogen  Heat  Transfer 

Test  Section  (66- l)  617 

263.  Comparison  of  Film  Coefficient  Enhancement  Factor 

Used  for  Design  With  Experimental  Results . 618 

264.  Heat  Transfer  Results  for  Inner-Body  Coolant  Tube; 

Ratio  of  E'lame-Side  Surface  to  Predicted  Straight 


Tube  Heat  Transfer  Coefficients . 619 

263.  Heat  Transfer  Results  for  Outer-Body  Coolant  Tube;  Ratio 
of  Flame-Side  Surface  to  Predicted  Straight  Tube  Heat 
Transfer  Coefficients  .  620 

266.  Effect  of  Tube  Tolerances  and  Coolant  Mass  Velocity 

on  Gas  Wall  Temperature  . . 623 

267.  Forces  Acting  on  Inner  Body . 625 

268.  Ebrees  Acting  on  Outer  Body  . .  626  *  ) 

269.  Forces  Acting  on  Injector  .  627 

270.  Transient  Wall  Temperature  Profile  .  628 

271.  25OK  Tube-Wall  Inner-Body  After  Hough  Machining  ....  630 

272.  25OK  Tube  Wall  Inner  Body  Machined  for  Braze  .Assembly  .  .  63I 

27?.  25OK  Cooling  Tube  Pressure  Forming . 633 

274.  Inner  and  Outer  Thrust  Chamber  Tubes  .  654 

275-  Stacking  of  Tubes  for  250K  Tube-Wall  Thrust  Chamber  .  .  .  635 

276.  Thrust  Chamber  Tube  Calibration  Consol . 638 

277.  Therracchromistic  Indication  of  Braze  Bond; 

Outer  Body,  Tube  Wail . 641 

278.  Completed  250K  Tube  Wall  Outer  Body . 643 

279.  Completed  250K  Tube  Wall  Inner  Body  ........  644 

280A.  25OK  Injector  Body  . 646 


280B.  250K  Injector  Body  . . 647 

281.  Injector  Do.ffle  Configurations  . . 649 

282.  Hypergol  Tube . 649 

283.  Hot-Gas  System . 650 

284.  250it  Candidate  Triplet  with  Fuel  Post 

(No.  6-IA  to  6-11)) . 651 

OQR  T  A  4'  ^  T?  *  _  X  VI 

•  j.njvri.  &/UA  ./li.  l-6x  X' xx  S  V  iixaxi€r 

286.  Realloying  of  Slotted  Injector  Stripe  .  658 

287.  Hot-Gas  Ignition  and  Tapoff  )4anifold  . 660 

288.  250K  Uncooled  Nozzle  Extension  .  662 

289.  Base  Closure  Showing  Perforated  Plate  .  664 

290.  25OK  Uncooled  Nozzle  Extension  with  Perforated  Base 

Closure  Installed  .  665 

291.  25OK  Thrust  Mount  . . 666 

292.  Solid-Wall  Thrust  Chamber  Assembly  .  668 

293.  Solid-Wall  Assembly  .  ......  669 

294.  Oxidizer  Manifold  Center  Plenum  and  Diffuser  Section  .  .  67O 

295.  25OK  Tube-Wall  Inner  and  Outer  Bodies  During  Assembly  .  .  674 

296.  Completed  250K  Tube  Wall  Thrust  Chamber  Assembly  ....  675 

297.  High-Pressure  Facility,  D-2  677 

298.  Thrust-Measuring  System  .  678 

299.  Liquid  Oxygen  Sample  System  Schematic  .......  680 

300.  Aerospike  Thrust  Chamber  Handling  Equipment  .  681 

301.  25OK  Solid-Wall  Operation  on  Nevada  Field  Laboratory 

Test  Stand  Under  Different  Test  Conditions  .  685 

302.  Injector  Condition  Posttest  OO6  .  687 

303.  Uncooled  Chamber  Posttest  OO6  .  688 

304.  Injector  Strip  Repair  Posttest  006  690 

305.  Erosion  of  Baffle  Edges  and  One  Tapoff  Port . 691 

306.  Erosion  of  Strip  Adjacent  to  Baffles  .  693 

307.  Erosion  Pattern  of  Solid-Wall  Innerbody, 

124.5-Degree  Location  .  695 


308.  Erosion  Pattern  of  Solid-Wall  Outer  Body  .  696 

309.  25OK  Solid-Wall  Thrust  Chamber  Throat  Gap 

Variation,  Posttest  004  .  697 

510.  Tube-Wall  Thrust  Chamber  Mounted  on  Reno  Test  Stand  .  .  .  70O 

311.  Tube-Wall  Thrust  Chamber  Operation  .  701 

312.  Overall  View  of  Injector  . 704 

313.  Injector  Damage  (inner),  085  to  105  Degrees . 705 

314.  Two  Compartments  of  Chamber  Posttest  025  706 

315.  Failed  Tube  With  Slag  Deposition  at  Injector 

Ring,  Outer  Body . 709 

316.  Failed  Tube  With  Slag  Deposition  in  Shroud, 

Outer  Body . 709 

317.  Undamaged  Tube  at  Injector  Ring,  Outer  Body . 710 

318.  Tube  at  Throat,  Outer  Body  With  Incipient 

Melted  Surface  .  710 

319.  Failed  Tube  in  Combustion  Zone,  Inner  Body  Caused 

by  Hot-Gas  Erosion  . .  .  713 

320.  Tube-to-Body  Crack  Location  No.  1  Inner  Body  .  713 

321.  Fractured  Tube  Walls  Showing  Multiplane  Topography 

Typical  of  Reverse-Bending  Fatigue  .  714 

322A.  Test  025  Mainstage  Operation . 715 

322B.  Teat  025  Mainstage  Operation . 716 

323.  Test  Events  During  Test  025  718 

324.  Test  025  Failure  Mode  Sequence . 719 


325.  Photo  of  Facility  Damage  Within  Altitude  Capsule  ....  720 

326.  Major  Tapoff  Passage  Erosion  at  Areas  of  Major 

Injector  Dn.''jnge  . 722 

327.  Hot-Gas  Circulation  Path  m  Injector  Gap . 724 

328.  Chamber  Erosion  Caused  by  Strip  End  Oxidizer  Leak  .  .  .  725 

329.  Cross-Sectional  View  of  Injector  Installation  in 

Tube-Wall  Thrust  Chamber  .  726 


xxii 


330.  No.  2  Tube-Wall  Modified  Start  Sequence  . 728 

331.  Posttest  027  Injector  Daffle  Condition  .  729 

332.  Chamber  Inner-Body  Posttest  027  .  731 

333.  View  of  Injector  Face  Showing  Two  Compartments  ....  732 

334.  Exposed  Baffle  Coolant  Passages  .  733 

335.  Exposed  Coolant  Passages  ....  .  734 

53b.  Eroded  Baffles . 73^ 

337.  Aerodynamic  Spike  Performance,  Altitude 

Compensation  ...  .  .......  738 

338.  Tube-Wall  Thrust  Chamber  C^  Performance  va 

Pressure  Ratio . 739 

339.  Theoretical  Optimum  Thrust  Coefficient, 

Effects  of  Water  .  740 

340.  Minimum  Model  Nozzle  Performance  Test  Results  .  742 

341.  Experimental  Base  Pressure  . . 743 

342.  Wall  Pressure  Profile  for  Aerospike  Utilizing 

LOg/GRg  with  HgO  in  Equilibrium . 745 

343.  Wall  Pressure  Profiles  . . 746 

344.  Combustion  Performance,  Comparison  of  Two  Different 

Method  Results . 748 

345.  25OK  Tube-Wall  Thrust  Chamber  Specific  Impulse 

vs  Pressure  Ratio . 753 

546.  Throat  Gas  Variation  During  Mainstage  of  Test  028  .  .  .  755 

347.  25OK  Outer  Body  T’sroat  Predicted  Cooling  Requirements  .  .  757 

348.  25OK  Outer  Body  Predicted  Throat  Cooling  Requirements  .  .  758 

349.  25OK  Predicted  Coolant  Discharge  Temperature 

Outer  Body  Og/H^ . 759 

350.  Chamber  Pressure  for  Test  OO6 . 76I 

351.  Chamber  Pressure  for  Test  017 . 762 

352.  Test  028  Chamber  Pressure  Trace . 764 

353.  No.  2  LOX  Manifold  Photocon  Traces,  Mainstage  .....  766 


xxili 


35^,  Sonica  for  Tube-Wall  Acrospikc  Chamber 
354b.  Sollies  for  Tube-Wall  Aerospike  Chamber 
354c.  Sonics  for  Tube-Wall  Aerospike  Chamber 
354b.  Sollies  for  Tube-Wall  Aerospike  Chamber 


355. 

356. 
357A. 

357B, 

35S. 

359. 

360. 

361. 

362. 

363. 

364. 

365. 

366. 

367. 

368. 

369. 

370. 

371. 

372. 

373. 

374. 

375. 

376. 

377. 


Orientation  of  Streak  Camera  . 

Streak  Photography  lleaiilts,  Tost  28 . 

Section  Through  Chaniber  at  Struetural  Baffle, 

20K  Deiiionstration  Segment . 

Section  Through  Chamber  Between  Structrual  Baffles, 

20K  Demonstration  Segment  . 

20K  Ci'iamber  Segment  Maximum  Baffle  Temperature 

Distribution  . 

Hydrogen  Mass  Velocity  Requirements  vs  Gas  Wall 

Temperature  (0.07Q-lnch  Copper  Wall)  . 

20K  Segment  Flow  Schematic  . 

Perspective  View  of  the  20K  Segment  Thrust  Chamber 

20K  End  Plate  Assembly  . 

20K  Baffle  Seat  Subassembly,  Before  Brazing 

20K  Baffle  Seat  Subassembly  Complete  . 

20K  Tube  Wall  Subassembly  Before  Brazing  .  .  .  . 

20K  Tube  Wall  Subassembly  in  Brazing  Fixture 

20K  Tube  Wall  Subassembly  Complete  . 

20K  Tube  Wall  Subassembly,  Structure  Side  .  .  .  . 

20K  Thrust  Chamber  Braze  Assembly  . 

20K  Baffle  Assembly  . 

20K  Titanium  Structure,  Outside  . 

20m  T i. t-sn ivini  Stmctiirs  |  •  • 

2OK  Titanium  Side  with  Verafilm  . 

20K  Chamber  with  Verafilm  Applied  . 

20K  Tlirust  Chamber  With  Baffles  Installed  .  .  .  . 

20K  Structural  Segment  Assembly  . 

20K  Injector  Unit  No.  2  Baffle  Recess  Erosion  . 


767 

768 

769 

770 

772 

773 

784 

785 

787 

788 

791 

792 

795 

796 

797 
801 
802 

803 

804 
807 
809 
812 
813 

815 

816 
818 

819 

820 


378. 

379. 

380. 

'382. 

385. 

384. 

385. 
386.. 

387. 

388. 

389. 

390. 

391. 

392. 

393. 

394. 


395. 

396. 


397. 

396. 


399. 

400. 

401. 

402. 

403. 

404. 


20K  Thrust  Chamber  Braze  Assembly,  Gap  at 

Tube-to-End  Plate  Joint  . 

Damage  to  Titanium  Structure  ..... 
20K  Thrust  Chamber  With  Convex  Bulges 

&><AA  a.  A  AJU^UO 


Lower  Baffle  Bolt  Load  Diagram  . 

20K  Segment  Strain  Gage  Results  Uorizontal  Ribs  .  .  .  . 

20K  Segment  Vertical  Ribs  . 

20K  Throat  Gap  Measurements  . 

Thrust  Chamber  Structure  Analytical  Model  . 

20K  Injector  Unit  No.  2  . 

20K  Total  Heat  Flux  to  Tubes  ...  . 

20K  c*  Efficiency  vs  Chamber  Pressure  . 

20K  Total  Heat  Flux  . 

20K  Tube  Bundle  Total  AP  x  p  vs  Flowrate . 

Injector  iPg  Strip  Thermocouple  Installation  . 

Damage  to  20K  Injector  Baffle  Recess  Cavity  . 

Posttest  View  of  Adhesive  Used  in  the  Structural 

Segment  . 

Combustion  Temperature  for  LO^/lilg  ^  Chamber 

Pressure  of  600  psia  . 

Combustion  Products  Molecular  Weight  for 

at  a  Pressure  of  600  psia . .  . 

Tube  Vent  Technique . .  ,  , 

Solid-Wall  and  Tubular  Thrust  Chamber  Boss 

Nomenclature  .  . 

Flow  Diagram,  Tube-Wall  Thrust  Chaniber . 

Typical  Solid-Wall  Test  Sequence  . 

25OK  Tube-Wall  Start  and  Shutdown  Sequence, 

Test  No.  025  . 

25OK  Tube-Wall  Step  Start  Sequence  ........ 

CTF  Ignition  System  Schematic  . 

Aerospike  Flow  Field  Model  . 


825 

82? 

828 

a'<l. 

835 

837 

838 

840 

841 

845 

846 

847 

848 
852 
853 
856 


857 


871 

872 
879 

892 

895 

899 

900 

901 

902 

904 


Iran 


xxv/xrvi 


TilfiLES 


1.  Engine  Characteristics  .  .  .  2 

AA  T\ _ n. _ _ ni--.  — _ _  Q 

i/vwMUO  i'&  o  cux  nuuuxv  v^vxacxu^  viiiaxavvcx  xni/XVD  •  «  •  •  «  7 

2B.  Demonstrator  Module  Operating  Characteristics  .  I'O 

3-  Thrust  Chamber  Design  Parameters  .  .....  14 


4.  Summary  of  Fuel  Turbopump  Design  Characteristics  .  18 

3.  Summary  of  Oxidizer  Turbopump  Design 


Characteristics  .  20 

6.  Phase  I  Demonstration  Requirements  a  d  Accompli shmento. 

Task  II  Fabrication  and  Test  Items . 29 

7.  Tube-Wall  Thrust  Chamber  Performance  Data  Sumaary  ....  39 

6.  Thermal  Fatigue  Tube  Tester  Results  on  Nickel  200  ....  49 
9.  Demonstrator  Module  Design  Requirements  .  .  62 


lOA.  Demonstrator  Module  Operating  Characteristics  .  78 

lOB.  Demonstrator  Module  Operating  Characteristics  .  79 


11.  Hot-Gas  System  Pressure  Schedule  .  90 

12.  Tapoff  Throttle  Valve  Requirements . 91 


13.  Oxidizer  Turbine  Throttle  Valve  Requirements  .  92 

14.  Liquid-Oxidizer  Propellant  Feed  Pressure  Schedule  ....  93 

15.  Liquid-Fuel  Propellant  Feed  Pressure  Schedule  .  93 


16.  Independent  Variable  Variations  .  95 

17.  Predicted  Maximum  Parameter  Variations  .  96 

18.  HGI  Oxidizer  Pressure  Regulator  Data . 113 

19.  Comparison  of  Significant  Engine  Parameters  at 

Steady  State  .  122 

20.  Thrust  vs  Mixture  Ratio  Comparison  . . 126 

21.  Relative  Ranking  of  Candidate  Thrust  Structure  Designs  .  .  .  145 

22.  Summary  of  Demonstrator  Module  Weights . I6I 

23.  Thrust  Chamber  Assembly  Design  Requirements  .  162 

24.  Thrust  Chamber  Design  Parameters  ....  I66 


xxvli 


oi  n 


25-  Doflign  CoDij»6,rison  Study 

26.  Injector  Design  Parameters  .  224 

27.  Design  Requirements — Injector  .  228 

28.  Turbopump  Design  Conditions . 244 

29*  Turbine  Gas  Properties . 245 

30.  Liquid  Hydrogen  Pump  Pararaetors  at  Design  Point, 

Mixture  Ratio  =  6 . 245 

31.  Turbopump  Comparison  .  .....  249 

32.  Mark  30-F  Turbine  Disk  Data . 26l 

33-  Aft  Bearing  Support . 266 

34.  Design  Parameters  and  Fuel  Preinducer  Off-Design 

Operating  Conditions  .  269 

35.  Fuel  Pump  Impeller  Design  Parameters . 270 

36.  LHg  Turbopump  Bearing  Design  Requirements  .  273 


37-  Liquid  Hydrogen  Turbopurap  Seal  Design  Requirements  ....  275 
38.  Geometry  and  Maximum  Allovable  TIP  Velocities  .  .  .  ,  „  .  281 


39-  Two-Stajie  Inipelier  Weight  Comparison . 283 

40.  LHg  Turbine  Blade  Stresses  .  293 

41.  Oxidizer  Turbopump  Design  Conditions  .  .  300 

42.  Oxidizer  Preinducer  .  . .  310 

43.  Oxidizer  Centrifugal  Pump  Stage  Geometry  .  312 

44.  Oxidizer  Bearing  Design  Requirements  .  315 

45.  Oxidizer  Seal  Package  Design  Requirements  .  317 

46.  Turbine  Blade  Stresses . 323 

47.  Main  Propellant  Valve  Trade  Study  Summary  .  348 

48.  Main  Propellant  Valve  Pressure  Loss  Summary . 349 

49.  Hot-Gas  Valve  Trade  Study  Summary  .  354 

50.  Comparison  of  Turbopump  Efficiencies  for  Demonstrator 

Module  and  Target  Efficiencies  for  Flight  Module  .  369 

51.  Flight  Module  Operating  Characteristics  .  371 

52.  Flight  Engine  Parametric  Design  Parameters  .  372 

53.  Summary  Comparison  of  Demonstrator  and  Flight 

Engine  Weights  .  380 


xxvill 


34.  SuKiimary  Explanation  of  Differences  Between  Demonstrator 

and  Flight  Engine  Weights  .  381 

55.  Interface  Location  . . 382 

36.  Performance  Index  Optimisation  Results  of 

the  23OK  Common  Module . 384 

37*  Ferfonnsnee  Index  Optimization  Results  of 

the  35CK  Common  Module . .  .  385 

58.  25OK  Modules  . 389 

59.  350K  Modules  . 390 

60.  Summary  of  2.5K  Water-Cooled  Tlirust  Chamber 

Ferferottnee  Tests  .  423 

61.  Summary  of  2.3K  Film-Cooled  Thrunt  Chamber 

Performance  . . 426 

62.  2.5K  Water-Cooled  Thrust  Chamber  Gas  Tapoff  Study  ....  427 

63.  Influence  Coefficient  Surimary . 440 

64.  Thrust  Chamber  Performance  Suaanary  for  Film-Cooled  Tests  .'  .  445 

63.  Braze  Alloy  Remelt  Temperature  . . 480 

66.  2.5K  Copper  Tube-Wall  Segment  Performance  Data  .  482 

67.  Summary  of  2.5K  Segment  Cycle  Tests . 491 

68A.  Comparieoa  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  .  ...  492 

68B.  Comparison  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  .  493 

68C.  Comparison  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  .  494 

68D.  Comparison  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  .  493 

68E.  Comparison  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  ..............  496 

68F.  Comparison  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  .  497 


6t5U. 

68U. 

681. 

68J. 

68K. 

68L. 

69. 

70. 

71. 

72. 


73. 


74. 


75. 


I 


77. 


78. 


Comparison  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  ....  . 

Comparison  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  . 

Comparison  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  .  .  . 

Comparison  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  .  .  , 

Comparison  of  2.5K  Segment  Cycle  Teats  To 
Demonstrator  Module  ......... 

Comparison  of  2.5K  Segment  Cycle  Tests  To 

Demonstrator  Module  . 

Thermal  Fatigue  Tube  Tester  Results  on  Nickel  200 
Summary  of  Results,  Plastic  Strain  Analysis 
Candidate  Materials  for  Thrust  Chamber  Usage 
Summary  of  Results,  Material  Property 

Literature  Survey  .  .  . 

Summary  of  Results,  Material  Property 

Literature  Survey  . 

Brazing  Feasibility  Tests,  Nickel  200,  270, 
and  Beryllium  Copper  .......... 

Mechanical  Strain  at  Elevated  Temperature  Fatigue 
Tests,  Summary  of  Test  Conditions  . 

.  .  ...  i 

XCtVl'VAO  .rtiJl  A.  C'V;  U  i.lA^  k.7  a  kf  U  UA  V 


Tube  Material  . 

Factors  Affecting  Selection  of  Leng-iXange 

Tube  Materials  .....  . 

Comparison  of  Operating  Conditions  2.:iK  Copper 
Tube-Wall  and  250K  Demonstrator  ..... 
Comparison  of  250K  Demonstrator  and  2.5K  Segment 
Cooling  and  Life  Parameters  ...... 


498 

499 

500 

501 

502 

503 
512 
529 

531 

532 

534 

540 

542 

547 

548 

552 

558 


XXX 


80.  Tube  Tolerance  6?(> 

81.  CNg  Flow  Variation  Due  to  Tube  Tolerance . 636 

82.  Flow  Group  Identification  . .  639 

63.  205K  Solid-Wall  Test  I*rograin; 

Summary  of  Mainutage  Tests  .  .....  683 

84.  25OK  Tube-Wall  Test  Program  Summary  of  Mainstage  Tests.  .  .  608 


85.  Tube-Wall  Thrust  Chamber  Performance  Data  Siimmax'y  ....  750 

86.  Raffle  Seat  Assembly  Fabrication  History  .  799 

87.  Tube  Wall  Assembly  Braze  Cycle  Results  ........  805 

88.  R1X)00104X  Baffle  Assembly  Fabrication  History . 810 

89.  Results  of  20K  Segment  Mainstage  and  Ignition  Tests.  .  .  .  823 

90.  20I^230K  Primary  Simulation  Parameters . 824 

91.  Comparison  of  20K  and  250K  Thrust  Chambers.  . . 830 

92.  Recapitulation  of  Weight  Difference: 

20K  nnd  230K  Thrust  Chambers . 832 

93  .  20K  Results  Summary  . . 843 

94.  Stability  Summary,  20K  Segment . 850 

95.  20K  liOg  Strip  Temperature  Data . 854 


zxxi/zxxil 


NOMENCLATURE 


Symbol 

A 

A* 


E 


F 


Hu 


cm 


GH., 

A 


Gfig-  GOX 
BGI 


I 

s 

K 


Parameter 

area 

aerodyr>flwic  threat  area 

geometric  throat  area 

oxidizer  turbine  throttle  valve  area 

tapol'f  throttle  valve  area 

turbine  nozzle  isentropic  gas  velocity 

thrust  coefficient 

specific  heat  at  constant  pressure 

overall  nozzle  efficiency 

primary  nozzle  velocity  coefficient 

bore  diameter  x  speed 

modules  of  elasticity 

thrust 

ultimate  tensile  strength 
tensile  yield  strength 
coolant  mess  velocity 
fluid  flowrate 
gaseous  hydrogen 
gaseous  nitrogen 
gaseous  oxygen 
hot-ga8-i£Hition 
specific  impulse 
one  thousand 


Units 


In.' 


in. 


in. 


in. 


in. 

ft/scc 


Btu/lbm-H 


mm  X  rev/min 

psi 

Ibf 


psi 

psi 

'  2 

Ibm/in,  -»«ec 
pal/min 


Ibf/sec/lbm 
(as  noted) 


zxxiii 


Lll,, 

Lu^,  LOX 
Mj'V 


^u^ 


N,  rjim 
N 

cy 

NPSii 


K 


Nli 


1-‘P. 

^pi:, 


OFi?C 
'  ¥ 

¥ 


n; 

Q 

Q/A 


il 


"dynamic 


U 

c* 

fps 

e 

h 

g 


PfirHaj-etc;' 

1  i  H’l  id  hydr  ogcjj 
liqiiid  osiygcn 
main  fuel  valve 

01  i  t  lire  ra  tie,  o.\  id  i  ie  r’-to-i  ue  i 
rotnticiiiii  ppeod 

nundjcr  u!’  cyclca  to  fatigue  failuit 

net  positive  siiictioi'.  head 

Nucaclt  niiEilicr 

Piaadtj  nuralui 

licynoldfi  t, umber 

State;!  iiumbc'.- 

Ciuygon-f  I  oc'-higli-comluci  ivity 
pressure 

nozzle  throat  stagnation  pressure 
pivinp  discharge 
volumetric  flowrate 
local  heat  flu;: 

module  dynamic  envelop  radius 

tI  v'O  1 

,  ..  C  -w. 

blade  apeed 

chaiacteristic  velocity 

gravitational  constaut  (’52.2) 
gas-side  lieat  transfer  coefficient 


Units 


(ibm)y(lbEi)^ 

rev/witi 


feet 


psia 

psia 

(as  noted) 

Biu/ i;i.  -sec 

in, 

T'  /  «  r,  \ 

y«49  nAV^'’CU/ 

ft/sec 
f t/sec 
ft/’sec 

Jbm-ft/lbf-sec'^ 
Btu/in,  “^-scc-R 


XXX  iv 


Symbol 

k 


>cfm 

t 

V 

<X 


y 

€ 

t 

R 

>? 

^0 


M 

P 

o 

^hyd 

a 

y 

T 


c 


Parameter 

apriug  rate 
standard  flowrate 
wall  thickness 
RSSB  flowrate 

coefficient  of  thermal  expansion 

specific  beat  ratio 

nozzje  expansion  area  ratio 

surface  roughness 

efficiency 

injector-end  stagnation  pressure/ 
nozzle  throat  stagnation  pressure 

friction  influence  coefficient 

throat  flow  angle 

Poisson's  ratio 

density 

standard  deviation 
hydraulic  stress 
yield  strength 

ratio  of  secondary-to-primary  flow 

coolant  curvature  heat  transfer 
enhancement  factor 

coolant  entrance  heat  transfer 
enhancement  factor 

coolant  roughness  beat  transfer 
enhancement  factor 


Ihiita 
Ibf/ in, 
f  t'’/min 
inches 
Btu/sec 
in./ in.-R 


microinebes 


degree 

Ibm/ft^ 


psi 

psi 

(by  weight) 


Subscripta 


B 

bulk  temperature 

D 

uieCuurge 

Kef 

reference 

Keg 

A  vi^UAU  UUA 

a,  aub 

ambient 

b 

base 

c 

chamber 

d 

drag 

e 

exit 

f 

fuel 

g 

geometric 

k 

kinetic 

0 

oxidizer 

P 

primary 

8 

secondary 

t 

total  flov 

V,  vac 

cacuum 

V 

wall 

cc 

combustion  chamber 

ct 

coolant 

eng 

engine 

fc 

film  coolant 

gg 

gas  generator 

ic 

injector  end 

j 


{  ) 


XXXTi 


SubscriDts 

inj 

injector 

nf 

r- 

|/uwcui«iax  now 

tc 

thruat  chamber 

to 

U«4|IUA  A 

wc,  vl 

coolant-side-vall 

wg 

gas-ai de-wall 

~(bar) 

average 

^ (prime) 

flight  system 

xzxril 


INTRODUCTION 


(U )  The  Advanced  Cryogenic  Rocket  Engine  Program,  Acrospike  Nozzle  Con¬ 
cept,  started  1  March  1966  with  a  17-<)ionth  duration  (later  increased  to 

20  tnrtr» 

^  f  ,  *.  »mx.  w  j  ^  W  ^  ^  O  **«.*%,  i.\#  L  *  V*  A  C&M  «/ V  WAX^AV^MA  1/ tJ  ^  IIKU  X  If  O  O  B  U  t- X  U  i/ tT  U 

with  the  aerospike  concept  and  produce  the  preliminary  design  of  an  ad¬ 
vanced  hydrogen-oxygen  engine  of  the  characteristics  given  in  Table  1. 


(u)  Technology  deemed  critical  to  the  aerospike  concept  for  the  foregoing 
engine  were  injector-combustor  design,  cooling  tube  life,  full-scale  com¬ 
bined  chamber  and  nozzle  performance  and  stability,  throttling,  ignition, 
and  chamber  structure.  Several  annular  type  injectors  had  been  operated; 
however,  the  definition  and  characterization  of  an  injector  for  the  speci¬ 
fied  operating  range  and  performance  remained  to  be  done.  It  was  necessary 
to  select  a  tube  material  for  the  specified  life  and  operating  requirements 
and  demonstrate  the  ability  to  cool  under  these  conditions.  Several  aero¬ 
spike  thrust  chambeis  had  proved  the  nozzle  concept,  and  it  was  then  desired 
to  demonstrate  the  full  performance  potential  of  the  nozzle  at  ground  level 
and  altitude  over  a  ^zide  throttling  and  mixture  ratio  range  with  a  high- 
performance  injector.  Lastly,  it  was  necessary  to  evaluate  the  ability  of 
a  lightweight  structure  to  maintain  a  predictablve  threat  area  and  the  cool¬ 
ing  and  sealing  of  this aiructural  tie  across  the  cliamber  over  the  throt¬ 
tling  range. 

(U)  The  total  effort  w'as  comprised  of  two  major  tasks; 

Task  1,  Analysis  and  Design 

A.  Module  Design 

B.  Application  Study 

Task  2,  Fabrication  and  Test 

A.  Injector  Performance  Investigations 

B.  Thrust  Chamber  Cooling  Investigation 

C.  Thrust  Chamber  Nozzle  Demonstration 

D.  Segment  Structural  Evaluation 
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TABLE  1 


% 


(C) 


ENGINE  CHARACTERISTICS 


Nominal  Vacuum  Thrust,  pounds 

Minimum  Delivered  Specific 
Impulse 


Throttling  Range 


250,000  at  nominal  mixture  ratio 

96^  of  theoretical  shifting  I  at  rated 
thrusl 

95?f  of  theoretical  shifting  I  during 
throttling 

Continuous  down  to  20  percent  of  rated 
thrust 


Overall  Mixture  Ratio  Range  Engine  operation  from  5-0  to  7-0 

Nominal  design  point  6.0 

Expansion  Ratio  Aera  ratio(s)  representative  of  booster 

and  upper-stage  applications.  Overall 
static  engine  diameter  will  not  exceed 
100  inches. 


Durability- 

Single  Continuous  Run  Duration 

Engine  Starts 

Thrust  Vector  Control 

Control  Capability 


Propellant  Conditions  at 
Engine  Inlets 


Environmental  Conditions 


Engine  Vehicle  Interface 
Conditions 


10  hours  time  between  overhauls,  100 
reuses,  300  starts,  300  thermal  cycles, 
10,000  valve  cycles 

Capability  from  10  seconds  to  6OO  seconds 

Multiple  restart  at  sea  level  or  altitude 

Amplitude:  *7  degrees;  Rate:  30  deg/sec; 
Acceleration:  30  rad/sec^ 

+  3  percent  accuracy  in  thrust  and  mixt-.ire 
ratio  at  rated  thrust.  Excursions  from 
extreme  to  extreme  in  thrust  or  mixture 
ratio  within  5  seconds. 

LOq!  16  feet  NPSH  from  1  atmosphere  boil¬ 
ing  temperature  to  180  degrees 

Lllf,:  60  feet  NPSH  from  1  atmosphere  boil¬ 
ing  temperaLure  to  45  R 

Sea  level  to  vacuum  conditions 
Combined  accelerations:  10  g  axial  with 
2  g  transverse,  6.5  g  axial  with  3  g 
transverse,  3  g  axial  with  6  g  transverse 

The  engine  will  receive  no  external  power, 
with  the  exception  of  normal  electrical 
power  and  3000  psia  helium  from  the 
vehicle. 


I 


! 


(u)  As  work  progressed,  the  status  and  progress  made  was  reported  in  (&«£. 
quarterly  progress  reports,  first  through  sixth.  Technical  effort  on  this 
contract  terminated  31  October  196?.  This  report  covers  all  of  the  tech¬ 
nical  work  for  the  20--inonth  period  supplemented  as  noted  herein  by  two 
other  special  area  reports.  The  first  is  a  special  report  on  the  Applica¬ 
tion  Study  (Ref.  2),  Task  IB,  and  the  second  is  the  Materials  and  Process 
B&D  report  (Ref.  3)  covering  the  fabrication  techniques  used  during  this 
program. 
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SUMMARY 


MODIilc:  DtiSXUN 

(u)  The  objective  of  this  taak  was  to  formulate  a  preliminary  design  of 
an  aerospike  engine  to  provide:  (l)  demonstrated  high  performance  over 
the  specified  thrust  and  mixture  ratio  range,  (2)  versatility  to  operate 
efficiently  and  repeatedly  at  any  altitude,  and  {'})  long-life  capability 
sufficient  to  perform  any  missions  between  overhauls.  The  specific  re¬ 
quirements  are  delineated  in  Table  I.  A  functional  analysis  of  the  engine 
system  and  its  requirements  led  to  a  series  of  tradeoff  studies  to  establish 
tlic  configuration, 

(U)  The  cycle  selection  involved  a  tradeoff  between  the  tapoff  cycle  and 
the  gas  generator  cycle,  and  between  a  aeries  and  parallel  turbine  arrange¬ 
ment.  A  parallel  turbine  tapoff  cycle  was  selected  because  it  offered  a 
simpler,  lighter-weight  system  with  better  start  characteristics  and 
higher  pei'formance  during  throttling. 

(C)  The  thrust  chamber  parameter  selection  included  the  selection  of  a 
straight -walled  combustion  chamber  because  of  increased  performance  and 
simplified  chamber  construction.  The  chamber  pressure  was  established 
at  1500  psia  (nozzle  stagnation  pressure)  based  on  advanced  vehicle  appli¬ 
cation  studies,  and  heat  transfer  analysis  confirmed  that  this  was  within 
the  limits  of  regenerative  cooling  using  nickel  tubes.  The  nozzle  area 
ratio  is  fixed  by  the  prescribeu  lOO-iiich-diaineter,  the  250ii  thrust  level, 
thrust  chamber  geometiy-,  and  the  chamber  pressure  selection.  The  Demon¬ 
strator  Engine  area  ratio  is  74.1:1.  The  nozzle  length  was  optimized  on 
a  performance-weight  basis  at  25  percent  of  the  length  of  a  15-degree 
half-angle  cone  of  the  same  area  ratio. 

(u)  The  throttling  and  mixture  ratio  control  system  selection  involved 
a  study  of  the  possible  control  points,  control  logic,  and  operating  en¬ 
velopes  Hot-gas  valves  located  in  series,  one  in  the  main  tapoff  duct 


to  control  thrust  and  one  in  the  oxidizer  turbine  inlet  duct  to  control 
engine  mixture  ratio,  were  selected  because  of  higher  performance,  lighter 
weight,  and  control  flexibility.  A  closed-loop  logic  system  was  selected 
to  meet  the  accuracy,  safety,  and  response  requirements  of  the  engine 
system.  A  mixture  ratio  excursion  at  constant  chamber  pressure  vus  se- 
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simplifications  and  more  favorable  vehicle  application  results. 


(U)  A  hot  -gas  ignition  system  was  selected  for  the  thrust  chamber  be¬ 
cause  it  promised  light  engine  weight,  rapid  tank  head  start,  unlimited 
restart  capability,  uniform  ignition,  and  high  reliability.  A  spark 
ignition  system  similar  to  the  J-2  gas  generator  was  selected  for  the 
central  hot-gas  igniter  because  it  offered  a  simple,  lightweight  system 
witl.  demonstrated  reliability. 

(u)  A  two-stage  centrifugal  design  was  selected  for  the  fuel  pump  because 
it  offered  low  weight  and  high  efficiency  together  with  good  stall  char¬ 
acteristics.  A  single-stage  centrifugal  design  was  selected  for  the 
oxidizer  pump  because  the  low  head  and  medium  flowate  arc  ideally  suited 
to  such  a  design.  Axial  flow  preinducers  were  selected  for  both  pumps, 
with  hydraulic  turbines  used  for  the  driving  power.  Because  hydrodynamic 
considerations  dictated  different  speed  ratios,  the  hydraulic  turbine  was 
located  behind  the  preinducer  in  the  fuel  pump,  and  in  the  preinducer 
hub  in  the  oxidizer  pump.  Three-row,  velocity-compounded  turbines  were 
selected  to  power  the  pumps  because  they  offered  the  best  performance  vs 
weight  tradeoff. 

(u)  A  mechanical  gimbal  system  vas  selected  because  it  has  the  character¬ 
istics  of  high  reliability,  versatility,  long  life,  and  low  cost. 
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Flngine  SYetem 


(U)  The  Demonstrator  Module  achematic,  showing  basic  elements  and  propel¬ 
lant  flow  paths,  is  in  Fig.  1  .  Individual  oxidiaer  and  fuel  turho- 

pumps  are  used  with  the  turbines  driven  in  parallel  by  hot  gases  tapped 
from  the  main  combustion  chamber  during  mainstage  operation.  The  exhaust 
fi’um  the  turbines  is  discharged  through  the  base  closure  into  the  nozzle 
base  region,  producing  an  increase  in  base  pressure  that  contributes  to 
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PRE INDUCER 
DRIVE  LINE 


OXIDIZER 
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THROTTLE 
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ISOLATION  VALVE 


LEGEND 

FUEL 
HOT  GAS 

EZZ23  OXIDIZER 


Figure  1,  Demonstrator  Module  Schem'jtic 


total  thrust.  The  complete  thrust  chamber  and  injector  are  regcaeratively 
cooled  with  fuel.  Thrust  control  is  achieved  with  the  tapoff  throttle 
valve  located  at  the  Y-junction  of  the  two  tapoff  hot-gas  ducts.  Engine 
mixture  ratio  is  controlled  by  a  throttle  valve  located  at  the  oxidizer 
turbine  inlet.  Ignition  is  accomplished  under  tank  head  pressures  with 
the  use  of  a  separate  hot-gas  igniter  (HGI).  This  component  produces  hot 
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gases  vhicli  are  discharged  into  the  turbine  drive  ducting  and  used  to 
provide  both  the  initial  turbine  spin  and  the  ignition  energy  source  for 
the  main  chamber.  The  temperature  of  tlie  hot-gas  igniter  is  controlled 
by  an  automatic  o.viUiaer  pressure  regulator  in  the  HGI  inlet  line.  Once 
main  chamber  ignition  is  achieved,  the  IIGI  is  shut  dovn  vith  its  own 
liquid  propellant  shutoff  valves,  and  the  combustor  body  is  isolated  from 
the  tapoff  systeta  by  closing  the  HGI  isolation  valve.  Engine  shutdown  is 
ochieved  simply  bj'  closing  the  oxidizer  turbine  valve  and  sequencing  the 
main  propellant  valves  to  provide  a  fuel-rich  cutofi. 


(u)  The  projected  operating  parameters  are  shown  in  Table  2.  The  general 
arrangement  of  components  and  subsystems  and  major  dimensions  of  the  en¬ 
gine  are  shown  in  the  layout,  Fig.  2. 


TO  TtST  STANO 
OK  VEKKLE 


TURBOlWPS 


DISCONNECT 

PANELS 


(u)  The  thrust  structure  provides  support  pads  for  the  turbopumps  hot- 
gas  igniter,  control  components,  and  inter¬ 
face  panels.  Accessibility 
for  system  checkout  and  compo¬ 
nent  repair  has  been  provided 
in  the  dcsigu  by  making  the 
thrust  chamber  easily  removable 
from  the  thrust  structure. 

This  exposes  all  the  ““j”’‘'p,st5NHECT 
components,  which  are 
mounted  directly  to  the 
six  radial  beams  of  the  thrust 
structure.  The  base  closure 
also  is  removable  from  the 
thrust  chamber  to  provide 
access  to  the  internal  cavity 
from  below  without  removal  of 
the  thrust  chamber  (Fig.  3  ). 


THRUST 

CKAMmln 

ASSEHSLY 


BASE  CLOSURE 


Figure  J.  Engine  Accessibility 
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TALLL  2k 

(C)  REMONSTRATPa  HODULS  C-PmTTyG  CHARACTERISTICS 


(c)  TABLE  2B 

DEMONSTRATOR  MODDIJ:  OPERATING  CHARACTISISTICS 


rigor*  2A..  Eenronstrator  Module  Layout 


(c)  The  total  weight  of  v-lie  Demonstrator  Module  vas  calculated  to  be 
5950  poundo,  wliich  reprceenta  a  system  with  basic  Flight  Module  design 
similarity,  wliilc  incorporating  test  flexibility  design  fcatcres  and  de¬ 
sign  conservatiem  conaidered  prudent  to  meet  demonstration,  cost,  and 
schedule  objectives, 

(c)  The  copibustion  chamber  performasite  for  the  Demonstrator  Module  was 
based  upon  teats  conducted  over  a  wide  raiige  of  chamber  pressure  and  mix¬ 
ture  ratios  during  Task  II.  Based  on  the  test  data  obtained,  a  c*  effi¬ 
ciency  of  99.6  percent  has  been  predicted  for  the  Demonstrator  Module  at 
fu.ll-thrust  and  6:1  nominal  mixture  ratio.  Analytical  studies  of  a  non- 
adiabatic  nozzle  determined  that  at  the  full-thrust,  nominal  mixture  ratio 
design  point,  an  overall  engine  specific  impulse  efficiency  of  97-^1  is 
achieved  (including  effects  of  heat  loss,  viscous  drag,  divergence  losses, 
and  kinetics  losses).  This  yields  an  actual  specific  impulse  equal  to 
b5h.l  seconds  at  1500-p8ia  chamber  pressure  and  6:1  mixture  ratio.  The 
specific  impulse  varies  with  thrust  level  and  mixture  ratio. 

(U)  The  design  of  the  aerospike  engine  includes  allowances  to  account  tor 
performance  variations  that  result  from  hav'dwarc  tolerances  and  calibration 
inaccuracies.  Because  the  aero.spike  engine  is  closed-loop  controlled  on 
chamber  pressure  and  mixture  r^tio,  the  engine  is  first  calibrated  for  de¬ 
sign  thrust  to  establisli  the  exact  nominal  chamber  pressure.  Coaiponeut 
'■.r.riatioiis,  such  as  turbopump  efficiencies,  are  compensated  for  by  chang¬ 
ing  tlie  turbine  flowrate  and  hence  the  pump  power  required  to  meet  the 
chfiffiher  pressure  and  mixture  ratio  input  commands.  These  variations  have 
virtually  no  effect  on  total  thrust  and  lees  than  a  l-second  “-ffcct  on 
specific  impulse. 

Thrust  Chamber 

(U)  A  aununary  of  the  thrust  chamber  design  parameters  is  presenied  in  Table 
3  .  Materials  and  fabrication  techniques  utilized  are  state  of  the  art  with 


i 
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(c)  TABLE  3 

THRUST  CMAIijmi  DESIGN  PARAMETERS 


Length  us  Percentage  cf  Equivalcrit 

Area  Ilatio  15-l>egree  Cone,  pex'cent  25 

Throat  area,  85. lA 

Overall  Diawvttr ,  inches  100.0 

Overall  Htiight,  inclfcs  55.90 

ContrK:tioc  Area  li'.tio  7.13 

Expansiov!  Area  Patio  7^.1 

Meaii  CoBihustoi’  Diameter,  inches  93-0 

Comhustor  Width,  inches  2.0 

Throat  Gap,  inch  0.281 

Length  Injector  to  Throat,  inchv’a  6.0 

Tube  Material  Niokel  200 

Number  Tubes  Outoi'  Body  4400 

Number  Tubes  Tuner  Body  4240 

Numbor  Subaonic  Struts  40 


strong  emphasis  on  coat  and  low  weight.  Peatures  connected  with  critical 
teclinology  evaluated  in  Task  II  embody  the  information  gained  and  oemfig- 
uration.)  proved  successful  in  Task  II  eriperimentation.  Thena  include; 
combustor  shape,  nn-zle  contour,  injector-  pattern,  tapoff  locatioji  and  do-- 
sign,  cooling  tube  material,  structural  arrnrigf'ffient  and  throat  geometi’y, 

LOf^  manifold  priming,  asf^enibly  scaling,  cooliug  tube  heat  tranof sr  criteria, 
and  accessibility  jnavisioiis  for  thrust  chawber  and  injector  inspection 
during  develop.DSiiB,  fcestin/j. 


(U)  The  thrust  c)\i!mbev  design  is  shoisii  in  Fig.  4  .  Encli  of  the  combustor 
assemblies  is  fabricated  of  brazen  nickel  tubing  wbicli  forms  cylindrical 
sections  with  sealed  ffiL,nifolds  at  each  end.  The.  lightwei,ght  titanium  sup¬ 
port  structure  is  subseqiientiy  adhecively  bonded  to  the  tubes.  T;  ;  bodie.s 
are  connected  by  40  regtuer6i.i vely  cooled  subsonic  otruti,  each  rad.ialiy 
installed  in  the  annular  cumbustdon  cliamher  area  vd.th  two  prcloadcd  bolts. 


(U)  The  cooling  circuit  is  shown  on  Fig.  ?  .  The  tapoff  toanifold  pro¬ 
vides  the  dual  function  of  (l)  ducting  hot  gases  from  the  igniter  to  each 
compartment  of  the  combustion  chamber  at  start,  and  (2)  ducting  hot  gases 
from  the  combustion  chamber  to  the  turbines  to  provide  power  for  the  pumps 
during  mainstage  operation. 


Turbopumps 

(c)  The  fuel  turbopump  was  designed  to  meet  the  maximum  head  and  flow- 
rates  shown  in  Table  4  and  provide  not  less  than  a  75  percent  efficiency 
over  the  mixture  ratio  excursion  at  full  thrust.  The  fuel  turbopump  con¬ 
sists  of  a  two-stage  centrifugal  pump,  a  three-row  turbine  mounted  on  a 
common  shaft,  and  a  concentric  integrcl,  hydraulic  turbine-driven  prein¬ 
ducer.  The  main  pump  assembly  and  the  prcinducer  assembly  are  both  sup¬ 
ported  on  propellant-lubricated,  rolling-contact  bearings.  The  main  pump 
assembly  operates  at  a  nominal  speed  of  35,000  rpm,  and  the  preinducor 
operates  at  a  nominal  speed  of  14,535  rpm.  The  design  layout  of  this 
turbopump  is  shown  in  Fig.  6  .  Turbo  pump  axial  thri.st  is  balanced  by 
means  of  a  hydraulic  balance  piston  located  between  the  two  main  impellers. 

(u)  Turbine  discs  are  bolted  together  and  torque  is  transmitted  with 
curvic  couplings,  and  a  spline  drive  to  the  impellers.  The  turbine  out¬ 
board  bearing  is  mounted  on  six  struts  with  pinned  ends.  The  preinducer 
assembly  is  designed  so  that  it  can  be  developed  independent!}-  of  the 
main  turbopump  assembly. 


(c)  The  oxidizer  pump  was  designed  to  meet  the  maximum  head  and  flow¬ 
rates  shown  in  Table  5  to  provide  an  efficiency  not  less  than  73 
percent  over  the  mixture  ratio  excursion  at  full  thrust. 
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SUMMARY  OF  OXIDIZER  TERBOPIIMP  DESIGN  CHARACTERISTICS 
(At  Nominal  Operating  Point)* 
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(c)  The  oxidizei  turhopurap  consists  of  a  single-stage  centrifugal  pump 
and  a  three-row  turbine  Koiintcd  on  a  ccitauon  shaft  and  r.  concentric  in¬ 
tegral  hydraulic  turbine  driven  preindicer,  ns  slua/n  in  Fig.  1  .  The 

hj'draulic  turbine-driven  preinducer  is  made  up  of  a  four-stage  liydraulic 
turltine  uounted  in  tlie  hub  of  the  preinducer  and  driven  by  higli-pressure 
(aflOO  psia)  that  is  tapped  froni  the  main  pump  diBcimrgt;,  iiow  through 
tlie  turbine,  and  then  returns  to  the  main  pump  inlet.  This  turbine  is 
mounted  rigidly  on  two  propellant-lubricated,  rolling-contact  bearings 
and  is  directly  connected  to  the  prcinducer  and  rotates  ui  a  [lomlnal 
speed  at  6000  rptn.  The  wain  pump  assembly  is  straddle-mounted  on  two 
rolling-contact  hearings  and  runs  at  a  uoiuxnal  speed  of  iiS.OOO  rptn.  The 
pump  bearing  is  lubricated  with  LO,^;  however,  because  the  environment 
dowiistream  of  the  turbine  bearing  seal  is  hydrogett-rich,  the  turbine 
tearing  is  lubricated  with  GII2  supplied  from  the  thrust  chamber  fuel  iri- 
let  inanifold. 

(u)  The  preiiulucer  assembly  is  designed  tio  that  it  tint  only  can  b«  tie- 
veloped  separately  from  the  main  pump  assembly,  but  can  also  be  mounted 
remotely  from  the  main  pump  assembly,  if  desired.  The  only  conucctiou 
needed  is  the  liigh-pressure  supply'  line  to  the  prcinducer  turbine. 

Igniter 

(U)  The  specific  design  requirements  for  the  hot-gas  igniter  (HGJ, )  arc 
taken  from  twa  points  in  the  start  sequeticc-.  luiiini.i cp  oi  turbir-e  spin 
(occurs  immediately  after  ignition  of  the  hot-gns  igniter)  and  viain  cham¬ 
ber  ignition. 
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(IJ)  Uu  .’ing  the  period  of  igniter  uperatioti,  the  propellant  niixtur^  latio 
to  the  igniter  ni'idt  he  controlled  heenuHe  of  variations  in  oxidizev  and 
fuel  pinup  disciw.rgp  pressure  buildup,  for  this  reason,  an  pres 

su-e  rcgulatox"  is  included  in  the  oxygen  feed  system  to  mniiitaln  a  bal¬ 
anced  inlet  preHHiirc  to  the  igniter. 

(U)  I'he  volume  required  in  the  igniter  combustor  is  determined  by  the 
propull  uit  stay  time  and  ia  approximately  tlic  volume  of  an  8-inch-diameter 
apheie.  Therefore,  the  maximum  II)  was  set  at  H  inches.  The  stay  tine  in 
the  conihuBtor  is  l.lo  milliseconds  at  igniter  start  and  1.08  luilliseccnds 
at  engine  ignition. 


Control  .s 


(ij)  Tlie  total  throttling  and  mixture  ratio  control  system  io  sliown  sche- 
matically  in  I'ig.  8  •  Facility-mounted  components  a ‘c  sliouii  separated 
from  engine-m(.^..ted  eomponewts  by  the  dashed  line,  electrical  signal 
flov  is  shoxvii  by  the  heavy  lines  connecting  roctanguiar  blocks  iuentified 
in  the  schematic.  Sign;  !  summ.it. ■  on  occurs  at  tlie  cire.li  s  v.ith  interior 
crosses  in  accord  with  the  sign  shown. 


(TJ)  The  throttl  ing  valves  will  be  driven  by  integral  liydruulii,  actuators, 
wliich  will  be  positioned  by'  hydraulic  aervovalws.  Integral  lath  the 
valve  actuators  will  be  variable-reluctance-type  position  traasducers 
jToducir.g  modulated  carrier  slgauj  feedlmck,  Fngine  iuel  tlow  and  engine 
o.xidizer  flow  are  measured  voluroctrically  by  turbine  f  1  owmetei's. 


(u)  Traiieoff  utuiUea  of  the  tai)oft  tlirottlc  vnlve  were  performed  to 
select  the  cptiuiusii  configuration,  considering  poppet,  butterfly,  mid  ball 
valves . 

(U)  A  poppet  valve  was  selected.  Tlie  major  advantages  were  tlie  linearity 
of  tlie  actuator  stroke  vs  flew  area  relationship,  the  case  in  iuouifyiiig 
that  relationship  by  contouring  tlie  poppet,  the  good  flow  distribution 
during  throttling,  and  the  simple  basic  design. 

(U)  The  tapoff  throttle  valve  is  a  nornially  open  pressure-balanced  and 
coiitoui'au  valve  wdiicli  is  actuated  by  a  hydraulic  actuator.  The  actuator 
piston  is  attaclied  directly  to  the  poppet  by  a  piston  rod  whicli  eliminates 
all  backlash. 

(U)  The  main  oxidizer  valve  is  a  normally  closed  "visor"  valve  which  is 
installed  in  the  high-pressure  LO,,  line  between  the  pump  outlet  and  tlie 
thrust  chamber.  The  valve  is  a  modified  boll  which  is  operated  by  a  pneu- 
tnatic  linear  actuator  through  a  link-lever  mechanism.  Valve  position  in¬ 
formation  is  provided  by  a  position  transducer. 

(u)  lilt*  main  fuel  valve  is  iaentieai  in  design  to  the  main  oxiaizer  valve 
with  the  possible  exception  of  flow  direction.  The  vaive  can  be  used  with 
flow  in  eiiiier  direction  by  modifying  the  bellows  seal.  The  flow  direction 
for  both  valves  is  selected  to  minimize  the  possibility  of  collecting  con¬ 
densed  moisture  in  tlie  valve,  so  the  final  selection  of  flow  direction 
will  be  based  on  careful  evaluation  of  the  valve  location  in  the  system. 


Flight  Module 


(C)  The  Flight  Module  differs  from  the  Demonstrator  Module  in  that  nearly 
all  i-ubsystems  and  components  employ  welded  interconnects  and  assemblies 
to  minimize  system  weight  and  improve  reliability.  Component  arrangements 


within  the  engine  have  hccn  modified  to  reflect  the  technological  iniiirovc- 
1  ments  uud  refinements  chnructcrizing  the  Flight  Module.  The  configuration 

thus  evolved  employs  a  greater  degree  of  synimctry  regnmling  propellant 
feed  ducting,  hot-gaa  tnpoff  ducting  and  engine  thi’ust  mount.  Tl'c  sepa¬ 
rate  turbine  exhaust  ducts  ar’c  eliminated  as  a  I’csult  of  improvement 
modifications  to  tl!C  turljopum;»s,  v'hic!!  allov.-s  rcccssiiig  t'le  turboinimiis 
lo»/er  into  tlie  engine  cavity,  ond  which  also  oids  in  attaining  engine 
thrust  mount  symmetry.  The  result  is  u  sliortcr,  3  iglitcr  engine  tlian  the 
demonstrator  Module.  The  overall  diameter  remains  the  same  at  100  inches; 
however,  tlic  lengtli  i.s  reduced  from  i<>  'iB."?  inches,  and  tlic  weiglit 

i.s  reduced  from  to  2939  pounds.  An  advanced,  lapered-wal  1  combustion 

clinmijcr  geometry  was  evolved  from  tiic  jiural  I  el -war  1  hemonstrator  Module, 
wliicli  ])ermi(.s  an  ii’cieasc  in  the  cente/'  line  diameter  from  93. d  io  9^i-0 
iiichc.s,  and  a  resultant  area  inUo  inci'oase  from  7^<-l:l  to  75.B;1. 

(C)  Small  improvements  in  the  turbopump  efficiencies  are  projected  v.iiich, 
together  wicli  adv^ancements  in  other  component  and  system  designs,  result 
in  an  improvement  in  engine  a[)ecific  impulse  from  'i^O.l  to  4511.0  seconds. 


APPLICATION  STUDY 

(c)  Tiie  prime  objective  of  tfii.s  study  was  to  define  a  single  engine  mod¬ 
ule  whicli  provides  a  liigli  prefoimancc  index  fur  tlie  veliicle  applications 
defined  by  the  Air  Force.  Six  veliicles  were  defined  for  a  2501i  vacuum 
tlirust  module,  and  six  vehicles  were  defined  foi’  a  35DK  vacuum  tlirusl 
module.  T!u-  differonl  vehicle  cuoccjiis  ilitisiruren  tiie  diversity  of 
jiotoiitial  applications;  including  first  and  second  stages,  siiigl e-stago- 
to-orbit,  single  engine  and  clustered  configurations,  and  reusable  and 
expendable  stages. 


(U)  Parametric  peiformance  index  data  were  generated  ns  a  function  of 
module  diameter,  mixture  ratio,  and  cltumbcr  pros.surc.  Tiie  analysis  of 
these  data  led  to  the  determination  of  tlie  parameters  of  the  optimum 
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module  for  each  veliiclc  and  tlio  roniiDon  motliile  for  each  thruat  level  (^JOK 
and  350K). 

(C)  It  was  concluded  from  this  study  tlint  tlie  coumoti  module  for  tlie  1;50K 
vehicles  should  have  a  diameter  of  7H  inches  and  a  rated  tlirust  chamber 
jireaaure  of  13d0  jiaiu.  The  module  is  truly  common  isi  that  there  are  no 
engii.'C  chaiigCB  or  modifications  re<juired  from  vehicle  to  vehicle.  The 
percent  of  the  optimum  performance  index  which  can  be  uchictied  by  tlie 
use  of  the  ccmmoii  module  as  compared  to  tlie  optimum  module  waa  determined 
for  each  cose. 

(c)  Thus,  common  module  parameters  for  the  350K  vehicles  were  determined 
to  be  u  diameter  of  ‘Jtl  inches  and  a  rated  thrust  chamber  pressure  of  1370 
psia . 

(C)  In  general,  the  lower-stage  vehicle  module  optimizes  at  higher  cham¬ 
ber  prcaoure  than  the  modules  for  the  upper-stage  vehicles,  and  the  recover¬ 
able  vehicle  modules  opl.imizc  at  significantly  lower  chamber  presBiirea 
than  do  those  ir.  the  expendable  vebiclca.  The  optimum  never  exceeds 
2000  psia.  For  each  case,  25OK  and  350K,  the  optimum  pressures  ore 
approximately  the  same;  as  anticipated,  the  optimum  diameters  are  larger 
for  the  35OK  modules.  This  same  trend  appears  in  the  common  modules; 
namely,  I3OO-  to  I370~p8ia  chamber  pressure  for  noth,  and  the  250K  comaoii 
module  has  a  diameter  of  78  inches  compared  to  the  98  inches  diameter  for 
the  35OK  coamion  module. 

(v)  AuditionaJ.  perturbations  considered,  based  on  the  selected  common 
module  for  the  25OK  thruat  clase  vehicles,  were: 

1.  Constant  thrust  mode  in  lieu  of  the  selected  constant  chamber 
pressure  control  mode 

2.  Nozzle  pev  ent  length  variation 

3.  Programmed  mixture  ratio 


TIm'  iis^e  ol  n  aiilo  {;aa  iiijoctioii  tliruat  vector  ccjutrol  pyHtciii  iu 
lici  of  a  nicc.liaii  i  ca  1  gitubaliiijf  aynteni 

OtlflCAllON  -\M»  Ti;ST 

(('j  The  objective  ol'  tliia  laijic  part  of  the  coiitiHc.t  efiort  vaa  to  <leii.on- 
atratc  the  technologies  coiiaiilcrcd  critical  to  the  acroapike  dciaouatrator 
engine.  I'he  Inji-ctor  I’orforumncc  Investigation  Snbtask  vaa  to  prjvidc  a 
baaia  for  the  aelection  of  a  high-iierfoii'.iing  in.jcctoi"  for  the  lljOK  test¬ 
ing,  to  evaluate  heat  flux  generated  by  variona  in.jcctoi'a,  to  evaluate 
injector  durability,  to  develop  a  gar,  tapoff  technique  that  vould  yield 
a  suitable  vorking  fluid  for  n  turbine,  and  to  evaluate  the  coiiiljimtor 
shape  for  tlic  i’5bK  and  Demonstrator  Module  clianibcr.s.  The  Thi'ust  tliaaiber 
Cooling  Investigation  Subtask  was  to  [irovidc  a  basi.s  for  tube  material 
selection  for  tlie  Demonstrator  Module,  to  define  regcncrati vc-couling 
limits,  to  i>rovide  boat  transfer  design  data,  and  to  provide  ii*f ormation 
on  the  life  of  tlio  cooling  tubes.  Injectors  from  the  Injector  Subtask 
were  to  be  used  in  the  Cooling  Investigations.  The  Thrust  Chamber  Nozzle 
Demonstration  Subtask  was  to  demonstrate  pcrfoi'ninuce  of  the  complete, 
full-scale  aerospike  combustor  and  nozzle  eombinntioii  over  the  operating 
range,  to  evaluate  base  bleed  effects,  and  to  evaluate  stability,  operat¬ 
ing  characteristics,  and  preliminary  structural  effects.  The  Segment 
Structural  I'A-aluntion  was  to  evaluate  tlie  1  ightwciglit  structure  of  the 
Demonstrator  t>s  to  its  ability  to  maintain  throat  gap  to  verify  cooling 
and  sealing  of  the  structural  parts  and  perforiiiancc  over  the  operating 
range,  and  to  obtain  structurnl  design  datn. 

(U )  A  summary  of  the  requirements  for  encli  subtask  and  tlie  nccompl  isli- 
ments  is  presented  in  Table  6  .  All  objectives  of  the  Injector  I’erforni- 
ance  Investigation  subtask  were  achieved  plus  several  items  which  were 
identified  as  valuable.  The  original  goals  were  exceeded  in  tlie  Cooling 
Investigation  Subtask  in  the  area  of  cyclic  life  evaluation  and  cooling 


28 


TABLE  6 
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limits  on  the  selected  material.  The  thrust  chamber  noizle  demonstration 
task  vas  only  partially  completed  due  to  the  occurrence  of  a  combustion 
oscillation  which  was  not  resolved  during  the  contract  period.  Subsequent 
to  the  work  on  this  contract,  progress  was  made  in  reducing  the  combustion 
oscillations  level  on  the  KASA  Advanced  Engine  Aeroairike  Program.  Gro  uiil 
level  performance  was  obtained  at  600-  and  900-pei  chamber  pressure. 

The  objective.s  of  the  Structural  Evaluation  were  achieved  with  the  excep¬ 
tion  that  maximum  chamber  pressure  and  rcgejiciotive-cooling  operation 
at  the  maximum  wall  temperature  were  obtained  on  different  tests  because 
of  facility  limitations.  Tiirottling  demonstration  was  not  attempted 
below  600-psi  chamber  pressure. 


(u)  Hardware  items  fabricated  and  tests  conducted  are  aianmarized  belov. 


Item 

FI  aimed 

Actual 

2.5K  Solid-Wall 

Segments 

2 

2  and  replacements 

Injectors 

4 

11  and  51  modifications 

Te  3  ts 

50 

128 

2.5K  Tube-Wall 

Segments 

3 

3  tested 

Tests 

52 

25 

25OK  Experimental 

Solid-Wall  Chaflibers 

1 

1 

Tube -Wall  Chambers 

2 

0 

Injectors 

2 

2 

Te  a  ts 

45 

14 

20K  Structural  Segment 

Segments 

2 

2 

Injectors 

2 

2 

Tests 

20 

n 

Thrust  Chamber  Performance 

(c)  I’erformunce  results  were  obtained  from  the  2.5K  injector  investigation, 
the  12. tube-vall  testing,  the  •2(j»t  segment  testing,  and  1251111  full-scale 
aerospiUe  testing.  Four  diffei'ent  injectors  were  investigated,  with  many 
minor  modifications  of  the  moat  promising,  from  the  standi)oint  of  perform¬ 
ance,  durability,  ig;iition,  stnoility,  throat  heat  flux,  and  tapoff  gas 
projicrties.  The  triplet  pattern  shown  in  Fig.  9  wai.  selected  and  develoi)ed 
to  satisfy  all  requirements  as  deteriaj.ncd  by  the  segment  testing.  Each 
injector  unit  was  fabricated  with  four  injection  strips  whereas  tlie  25® 
injecior  used  seven  strips  per  baffle  compartment.  Combustion  (c*)  effi¬ 
ciency  for  this  type  over  the  operating  range  is  shown  in  Fig.  10  and  ex¬ 
ceeds  the  values  necessary  to  obtain  the  required  96-porcent  .specific 
impulse  efficiency  at  rated  and  95  peicent  at  throttled.  This  injector  was 
tested  in  a  4-incli-long  chamber  us  compared  to  6-inc)i-long  (2-inch-widc) 
chambei'  selected  for  the  Demonstrator  Module  and  experimental  chamber, 
and  only  a  small  performance  loss  (less  than  1  percent)  was  experienced. 

(U)  Performance  data  gathered  during  the  2.5K  tube-wall  segment  testing 

with  the  identiccl  combustion  chamber  and  injector  ere  summarized  in  i 

Fig.  11  and  corroborates  the  .solid-wall  test  results.  Performance  data 

from  the  20K  segment  testing  with  the  same  injector  pattern,  extended  to 

cover  three  full  compartments,  are  shown  in  Fig.  12  and  adds  confidence 

in  the  performance  results.  It  is  significant  that  this  segnent  contains 

I 

the  Demonstrator  Module  baffle  configuration  indicating  that  the  design  | 

produces  no  adverse  effect  on  performance.  ^ 

(U)  The  25OK  injector  utilized  280  of  the  strips  defined  in  Fig./  I3 
arranged  in  40  compartments,  7  strips  per  compartment  (between  baffles) 
as  shown  in  Fig.  14  .  This  injector  was  fired,  first  in  a  solid-wall 
chamber,  and  then  in  tube-vall  chambers.  C*  efficiency  from  the  250K 
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CHAlWCTERISTiC  VELOCITY  E» 


o  o 


FUEL  BIAS 

0.031  DIA.  2  PLACES 


-0.025 

RADIUS 


STRIP  FOR  TAPOFF  LOCATION 


®®G!llFO@)[lR!Trilfl[L 


Figure  I3.  2.')0K  Candidate  Triplet  With  Fuel  Post 

(No,  6-lA  to  6-lD) 
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8olid-vall  testing  is  not  reliable  because  of  the  large  effect  of  the 
water  film  coolatit.  Kesults  from  tlie  limited  11511K  tube-wall  testing  are 
shown  in  Tabic  V  .  The  lower  c*'  values  ou  tests  27  and  28  may  have  been 
caused  by  coolant  leaks  into  tlie  combustion  chamber  which  dcvcloji  during 
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obt.uincd  on  the  sepnents  is  obtainable  on  the  full  21(11  cliamber  when  the 
durability  j'roblem  of  this  workhorse  hardware  is  solved. 


(ij)  Nozzle  primary  flow  performance  from  boMi  the  solid  wall  and  tube 
wall  validates  theoretical  values  and  previous  background  data,  as  shown 
in  Fig.  15  .  Nozzle  base  pressure  also  compai'ed  favorably  with  prediction, 
a.s  showai  in  Fig.  Overall,  impulse  efficiency  obtained  met  the  con¬ 

tract  goal  ou  the  one  test  in  wliich  coolant  leaks  did  not  occur;  however, 
it  was  below  target  on  the  others  because  of  the  aforementioned  coolant 
leakage  and  short  duration.  Correcting  for  the  leakage  on  reasonable 
estimates  of  its  effect  brings  the  impulse  performance  iu  the  goals. 
Furthermore,  use  of  combustion  efficiency  from  segment  tests  and  nozzle 
performance  from  the  full-scale  tests  shows  that  performance  goals  can  be 
met.  Figure  17  shows  the  three  250K  tube-wall  test  points  relative  to 
performance  predicted  from  nozzle  bot~fire  data  and  segment  combustion  data. 


Thrust  Chamber  Cooling 

(U)  Cooling  criteria  are  strongly  tied  to  life  requirements  and  the  tube 
1  0^*1  ^ ^ tLiG  cooTiii^  1  iivc* s T- 3  2. OH  cue onij} wS sc d 

heat  transf  ,  coolant-side  enhancement,  material  conductivity,  material 
properties  related  to  processing,  material  fatigue  resistance,  tube  fatigue 
life,  overall  segment  cyclic  life,  and  overall  regenerative-cooling  margin. 
An  analytical  model  was  established  to  I’elaie  the  many  variables,  and 
experim Jilts  were  conducted  in  the  laboratory  to  obtain  the  necessary 
information . 
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(C) 


TAI)LE’  7 

TUUE-VfALL  TlfllUST  CIIAMill'3l  PERFOlLMANGi:  MTA  SL’MMAP.Y 


Tost  Number 

023 

027 

028 

Test  Duration  (90-90^^  T^)  ,  seconds 
Specific  Impulse,  seconds 

0.40 

0,275 

0.800 

Fliglit  System  at  Teat  Pressure 

343.7 

342.2 

334.7 

Flig'nt  System  at  Vacuum 

443.6 

435.1 

425.8 

Specific  Impulse  Efficiency 

Flight  System  at  Vacuum  (Based 
on  Sliifting  Equilibrium) 

0,9548 

0.9540 

0,9156 

Combustion  Efficiency  (Bused  on 

Shifting  Equilibrium) 

0.9743 

0,9623 

0.9493 

Nozzle  Efficiency 

Fliglio  System  at  Vacuum  (Based 
on  Shifting  Equilibrium) 

0.9615 

0,9502 

0,9508 

Ambient  Pressure^,  psia 

12.50 

12.20 

12.30 

Injector  End  Pressure* ,  psia 

608,8 

824 . 7 

897.9 

Nozzle  Stagnation  Pressure,  psia 

605.9 

821.2 

894.1 

Overall  Engine  Mixture  Ratio*,  o/f 

4.720 

4.852 

5.277 

Injector  or  Primary  Mixture  Ratio*,  o/f 

4.930 

5.017 

5.884 

Measured  Thrust*,  pounds 

76140 

96611 

109251 

Total  Oxidizer  Flowrate* ,  Ib/sec 

185.72 

238,41 

278.15 

Total  Fuel  FloAvrate*,  Ib/sec 

62.26 

100.91 

106.67 

Fuel  Dump  Flowrate*,  Ib/sec 

22.91 

51.78 

51.76 

Centerbody  Flowrate*,  Ib/sec 

1 .68 

1.61 

5.43 

Total  Coolant  Flo^irrate*,  Ib/sec 

60.58 

99.30 

102.85 

Oxidizer  Injection  Temperature*,  R 

252.8 

215.0 

212.2 

Fuel  Injection  Temperature*,  R 

469.6 

381.9 

416.5 

Coolant  Inlet  Temperature*,  R 

100.3 

105.3 

103.0 

Oxidizer  Injection  Pressure*,  psia 

640.0 

890.5 

995.8 

Fuel  Injection  Pressure* ,  psia 

766.8 

975.5 

1042,3 

Coolant  Inlet  Pressure*,  psia 

1611.6 

2080.1 

2171.2 

Oxidizer  Injector  Pressure  Drop*,  i>8i 

31.2 

65.8 

97.9 

Fuel  Injector  Pressure  Drop*,  psi 

158.0 

150,8 

144.4 

Geometric  Throat  Ai’ea*,  in.^ 

87.570 

81.515 

81.895 

Nozzle  Area  Ratio 

72.06 

77.40 

77.04 

^Measured  Values 
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niv  Tubf-Wnll  Tlinisl  rii-imber  Pcrformcncp  vs  Pressure  Ratio 


igure  l6.  Experimental  Base  Pressure 


SPECIFIC  IMPULSE,  SECONDS 


PRESSURE  RATIO,  P  /P 
c  a 

Figure  17-  250K  Tube-Wall  Thrust  Chamber  Specific 

Impulse  vs  Pressure  Ratio 


(  ) 
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(c)  Detailed  heat  transfer  measurements  at  axial  wall  station  locations 
were  provided  fcy  highly  instruineiiteu  water-cooled  segment  testing.  Data 
were  developed  bj'  calorimetric  measurement  of  water  temperature  rises 
for  a  range  in  chamber  pressure  of  300  to  1380  psia  and  mixture  ratio 
range  of  3.31  to  9.7]  in  120  tests.  Data  of  the  axial  heat  flux  distri¬ 
bution  vs  length  are  shown  in  Fig.  18  for  a  nominal  mixture  ratio  of  6.0 
The  nearly  proportional  increase  of  local  heat  flux  with  chamber  pressure 
is  shown.  Isolation  of  the  peak  heat  flux  to  a  local  region  in  the  throat 
vicinity  is  illustrated.  Experimental  heat  flux  data  (Fig.  I9)  defined 
a  slope  of  0.8  with  chamber  pressure  which  couflrms  that  a  turbulent 
boundary  layer  exists  in  the  throat  region. 

(U)  Confirmation  of  the  water-cooled  testing  integrated  heat  input 
value  for  the  combustion  zone  and  throat  region  has  been  provided  by 
tube-wall  segment  test  data,  as  shown  in  Fig.  20.  The  anticipated  slightly 
higher  heat  input  values  shown  for  the  copper  tube-wall  segment  are  due 
to  the  lower  wall  temperatures  provided  by  a  higher  wall  thermal  conductivity'. 

(c)  On  the  coolant  aide,  experimenta]  values  of  the  inner-  and  outer- 
body  tube  combined  roughness  and  curvature  factors  determined  from 

individual  heated  tube  tests  and  segment  teats  are  shown  in  Fig.  21  ,  At 
the  throat  locations  indicated  for  the  inner  and  outer  body,  combined 
factor  experimental  values  of  3.0  and  2.5  are  found. 

(C)  The  analytical  approach  led  to  tlie  selection  of  several  candidate 
tube  materials:  Nickel  200,  Nickel  270,  boron  deoxidized  copper,  beryl¬ 
lium  copper  alloy  10,  type  3^7  stainless  steel,  and  Hastelloy-X.  The 
selection  of  this  initial  material  candidate  list  was  based  on  a  prelimin¬ 
ary  cyclic  life  prediction  obtained  from  the  fatigue  diagram,  and  fabrica¬ 
tion  and  brazing  confidence.  The  laboratory  materials-evaluation  effort, 
in  conjunction  with  Rocketdyne's  previous  and  concurrently  generated 
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i'igurc  18,  Experimental  Heat  Flux  Distribution  From  2.5K  Water- 
Cooled  Segment  Tests 


THROAT  HEAT  FLUX.  BTU/tN.^-SEC 


V 
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300  i»00  600  800  1000  1500  2000  3000 

CHAhBER  PRESSURE,  PSIA 


Figure  19.  Throat  Heat  Flsu  vs  Chamber  Pressure 
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figure  20,  Contoured  Tube  Overall  Heat  Transfer  Characteristic 
(2.5K  AD?  Copper  and  Repaired  Nickel  Segments) 


AXIAL  DISTANCE  FROM  THROAT,  INCHES 


AXIAL  DISTANCE  FROM  THROAT,  INCHES 

Figure  21.  Experimental  Ho  Coolant  Heat  Transfer  Results  for  250K  Experi¬ 
mental  Tubes  Relative  to  Theoretical  Straight  Smooth  Tube  Heat 
Transfer  Coefficient 
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fabricetlon  and  cost  experience,  led  to  the  selection  of  Nickel  200  as 
the  tube  material  for  immediate  and  long-range  application  to  the  eero- 
spike  engine. 


(U)  A  relationship  between  thermal  analysis  and  mechanical  fatigue  was 
then  u^3ed  to  obtain  a  thermal  fatigue  diagram  (Fig.  22). 


Figure  22.  Low-Cycle  Fatigue  Characteristics  (Nickel  200) 


(c)  Additional  teats  were  conducted  on  an  operating  condition  simulation 
tube  tester  to  verify  the  life  of  Nickel  200  in  fatigue  creep.  Results 
of  these  tests  are  shown  in  Table  8  . 


(c)  The  mist  realistic  demonstration  of  the  cyclic  life  of  a  candiuate 
tube  material  is  afforded  by  hot-firing  segment  teste.  The  2.5K  nickel 
wall  segment  was  fabricated  to  demonstrate  this  cyclic  life.  Three 
hundred  and  fifteen  start-shutdown  cycles  have  been  successfully  completed 
with  no  indication  of  tube  erosion  or  overheating.  These  tests  were  con¬ 
ducted  with  a  nominal  tube-wall  temperature  of  1520  F. 
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(c)  A  Herira  of  tests  frum  chamber  pressures  of  310  to  2030  psia 

was  also  conducted  on  a  related  prucram  with  a  2.3K  nickel  tubc'-wnll  seg- 
ment  to  extend  available  information  on  the  regcncrative-cooling  capabil¬ 
ities  of  nickel  tubular  lieaigna. 

(C)  The  copper  tube  segment  was  operated  to  1600  psi;  however,  it  did 
not  possess  the  fatigue,  fabrication,  and  strength  margin  of  the  nickel. 
Operation  of  the  20K  segments  with  nickel  tubes,  with  the  same  cooling 
circuit  as  planned  for  the  Demonstrator  Chamber,  to  1500-pBi  chamber  pres¬ 
sure,  and  for  47  seconds  duration  at  1100  psi  on  n  related  program,  serves 
to  demonstrate  further  the  regenerative-cooling  capability, 

(u)  This  cooling  investigation  provided  data  for  design  of  long-life, 
high-chamber-pressure  thrust  chambers,  and  demonstrated  both  cooling 
margin  and  fatigue  life  of  this  type  of  chamber. 


Lightweight  Structural  Evaluation 

(u)  The  objective  of  this  effort  was  to  evaluate  the  selected  structural 
arrangement  in  its  ability  to  maintain  predicted  throat  dimensions  and 
to  provide  advanced  structural,  heat  transfer,  and  fabrication  ilaxa  for 
a  lightweight  demonstrator  module  chamber  design.  To  satisfy  these  con¬ 
ditions,  a  three -compartment  rectangular  segment  was  constructed,  'rtie 
segment  includes  two  subsonic  struts. 


(U)  The  three -compartment  aegment  approach  provides  close  simulbiioii 
of  the  mujLimuffl  tube-wall  thermal  atreas  which  occurs  in  the  threat  regien, 
maximum  coolant  hulk  temperature  rise  in  the  high  heat  flux  area  of  the 
throat  and  combustion  chamber,  and  a  close  approximation  of  pressure 
loads  that  will  occui'  in  the  250K  module. 

(U)  Three  compartments  with  two  subsonic  struts  represent  the  shortest 
se^^jent  length  required  for  continuous  beam  simulation.  The  rectangular 
combustor  lengths  are  ^he  equivalent  arc  length  of  the  module  at  the 
throat  diameter.  Also,  construction  of  all  structural  parts  was  closely 
simulated. 

(u)  To  verify  the  calculated  stresses  acting  on  the  lightweight  backup 
structures  on  the  20K  structural  segment  and  the  250K  demonstrator  design, 
four  stiain  gages  were  installed  on  each  of  two  structural  baffle  bolts, 
and  additional  strain  gages  were  installed  on  the  horiz^  atal  and  vertical 
ribs  of  the  titanium  backup  structure.  The  location  of  these  gages  we:s 
selected  to  provide  data  on  load  distribution  paths,  maximum  stresses, 
and  resultant  moments. 

(c)  During  the  series  of  2(SC  hot-firiug  tests,  a  range  of  chamber  pres¬ 
sures  from  600  psi  to  excess  of  I5OO  psi  were  achieved.  The  baffle  bolt 
stresses  were  ucuaured  on  each  of  the  tests.  Besults  indicated  excellent 
agreement  between  the  measured  and  calculated  bolt  load. 
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(u)  The  throat  gap  was  moaitored  throughout  the  test  series  by  taking 
measurements  with  a  ball-type  gage  inserted  into  the  gap.  These  meas¬ 
urements  indicate  that  the  backup  structure  had  no  signs  of  plastic 
yielding  and  therefore  vas  quite  predictable.  Even  after  the  hardware 
was  partially  disassembled  and  reassembled,  the  throat  gap  returned  to 
its  original  position. 

(u)  An  analysis  of  the  20K  structural  segment  was  conducted  to  determine 
the  manner  in  which  throat  area  would  change  as  a  function  of  external 
loads  (chamber  preasui'e).  The  loads,  stresses,  and  deflections  of  the 
20K  segment  structure  were  modeled  on  a  computer  program. 

(C)  These  aiialytical  stress  predictions  were  shown  to  be  in  good  agree- 
Dieiit  w'itb  tbe  measured  values.  The  same  analysis  predicted  tla-oat 
deflections  which  result  in  approximately  l-percent  throat  area  increases 
per  100-psi  chamber  pressure.  This  increase  in  throat  area  is  favorable 
to  performance  of  a  full-scale  engine.  At  full-thrust  conditions,  the 
Demonstrator  Module  would  operate  at  the  design  area  ratio.  As  the  cham¬ 
ber  is  throttled,  throat  area  would  decrease,  and  the  expansion  area 
ratio  of  the  thrust  chember  would  be  increased  accordingly.  Based  on 
the  analysis  of  the  20K  structural  segment,  the  area  ratio  of  the  full- 
scale  chamber  would  be  increased  approximately  12  percent  at  the  full- 
throt+led  condition. 

(U/  Cooling  and  sealing  of  the  structural  ties  across  the  combustion 
chamber  were  entirely  satisfactory  with  two  complete  assemblies.  Likewise, 
there  was  no  adverse  effect  of  these  structural  ties  on  perf orma'ice  or 
on  cooling  of  the  throat  downstream  of  thorn.  The  20K  .Segjoent  Structural 
Evaluation  demonstrated  conclusively  the  ability  of  a  lightweight- type 
structure  to  hold  throat  dimensions  with  satisfactory  cooling  of  all 
parts  and  with  no  perfonnance  effect. 
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Opera  Lioii 

(C)  Experiuients  wore  condiicteii  on  the  ‘2.'jK  fjt  giaonts  to  obtain  gas  suit¬ 
able  lor  powering  turbines  bj/  tnpoff  from  the  thrust  chambm'.  Mixture 
ratio  of  local  areas  at  the  toapar teicnt  ontis  'lUa  uittred  by  solecting 
injection  orifice  srenK  to  produce  the  desired  teniper<,Lure ,  and  by  varia- 
tioHM  in  tapoff  port  locations.  Thi'ee  tests  with  ths  final  configuration 
pro.duced  tapoff  teaijrrraluies  of  3000  to  ItiOO  F  over  the  operating  ranges. 

(c)  Igoition  of  the  aegments  by  mea.ua  ol  C'fi’  b^-  TEAS  was  satisfac¬ 
tory.  Likewise,  CTF  iiijecticn  into  each  compartment  on  che  250K  and 
verifying  a  pilot  flame  proved  entirety  auccaseful .  hot-gaa  ignition 
wuti  proved  feasible  in  a  related  segment  test  program,  and  nov  ordy  the 
combination  of  hot-gaa  ignition  with  tapoff  ports  remaino  to  be  completed. 
Hot-gsB  ignition  was  not  accomplished  on  the  250h  chamber  because  of  dam¬ 
age  to  the  injector  which  had  those  provibions. 

(u)  Priming  of  the  full  circusuicrenti al  oxi'Ji?.:cr  maJiifold  on  start  was 
even  and  syTionetrical  and.  verified  an  anal),  tical  model  of  the  filling 
process . 


(C)  The  2.51{  acgrjcni,  testing  revealed  no  instability  or  significant  com¬ 
bustion  oscillations  over  a  chwober  pressure  re«nge  iron'  300  to  130U  psi 
and  mixture  ratio  from  k  to  8.  Modoi  ete  osci  1 J  ations  vexe  expei'  i.ennud 
at  approximately  1200  and  1200  cpis  on  the  20K.  segwe.nv.,  thuughi.  to  'be 
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tffccLs  were  found  in  J ong-dur alien  testing. 


(b')  A  rotriting  code  of  combustion  o.icillation  was  observed  on  the  2:)(IK 
tube-wall  chacber  testa.  Even  though  the  Sstapl j. tude  was  not  severe,  the 
oscillation  had  the  tftoct  of  i-ucrcasing  heat  transfer  around  the  baffles 
and  bringing  about  coolanl  leaks  in  baffles  arid  tubeo  behind  baffles. 
Attenuation  of  this  mode  of  oscil  inti  on  remains  to  be  urcompl i.>;hed  at 
the  end  of  the  contract,  {•■■ibaequent  to  tiie  work  on  this  contract,  work 
on  the  NAiiA  Advanced  Engine  Aerospike  Program  produced  results  on  this 
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coabuBtiop.  oscillation.  Modifications  to  the  LO^  feed  .system  and  to  the 
bfiff-les  to  produce  better  coispnrtmentntion  attenuated  the  oseil lotion. 
Damaire  was  reduced  to  a  level  such  that  long  (7  second)  duration  tests 
were  conducted , 

(c)  Majoi  damage  was  experienced  on  the  No.  1  25(K  tube-wall  asac-rably 
because  of  overheatinK  of  the  injector  edges  resulting  from  braze  joint 
lealcage  in  combination  with  hot-gas  recircvjiation  in  the  injector- to- 
chamber  gap  and  the  circumferential  combustioii  oscillation.  Filling  of 
these  gapa  on  subsequent  assemblies  solved  this  problem.  Basic  durability 
of  the  strip-typp,  triplet  pattern  injector  was  demonstrated  by  225  start- 
stop  cycles  on  o^ic  injector  unit  and  80  tests  of  11  different  units  on 
tile  2.5f  segment  teat  program. 


Fabrication 

(u)  Tapjoring,  forming,  and  brazing  of  stainless  steel,  nickel,  and 
copper  tubes  of  the*  small,  highly  tapered  aerospike  configuration  was 
accomplished.  Furnaco-braze  tooling  and  processoj  were  developed  so  that 
four  inner  and  foxir  outer  bodies  were  successfully  completed  on  this  and 
a  related  NASA  program.  Teclmiques  for  ens’iring  balanced  coolant  passages 
and  repairing  damage  were  employed.  These  chambe,  s  are  illustrated  in 
Fig.  23  and  24 .  Likewise,  valuable  experience  was  gained  in  successfully 
completing  and  firing  throe  injectors  (including  NASA  unit)  with  several 
ir/r])ro veil  procesfica  for  clo.se  coni-rui  and  reduecii  cost. 

(u)  r'no  Isbrication  of  the  20K  lightweight  structure  segment  proved 
the  workability  of  the  demoiistrotoi'  baffle  seat,  baffJe,  and  tube— wall 
de.sign.  Experience  with  adhesive  bonding  of  the  titanium  structure  to 
the  nickel  tubes  was  gained,  pointing  up  areas  requiring  close  conti'ol 
such  as  assembly  fit  up  and  cleauing — priming  of  the  two  ourfaces  to 
be  joined. 


Figure  24.  Compieted  250K  Tube  Vail  Inner  Body 
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CONCLUSIONS  aNo  RLCOMMENTATIONS 

(u)  1.  The  Demonstrator  Module  design  evolved  in  this  effort  meets 

all  requirements  to  demonstrate  the  acrospike  capability  in  late  1969 
to  provide  a  base  for  development  of  a  high-performance,  flexible, 
longlife  Flight  Module. 

(u)  2.  Thrust  and  mixture  ratio  excursion  requirements  can  be  met  with 

a  relatively  simple  system  design  using  only  two  hot-gas  valves  as  points 
of  control:  one  valve  to  control  total  tapoff  gas  floi/rate  and  one  valve 
to  control  oxidizer  turbine  gas  flowrate.  A  closed-loop  control  system 
is  simpler,  lighter,  and  more  complementary  to  vehicles  and  test  require¬ 
ments  than  other  alternatives.  The  aerospike  engine  will,  however, 
operate  satisfactorily  open  loop. 

(c)  3.  It  is  concluded  that  the  Demonstrator  Module  can  be  designed  to 

operate  regeneratively  cooled  at  1500  psia  and  deliver,  and  a  mixture  ratio 
of  6:1,  theoretical  shifting  specific  impulse  efficiencies  in  excess  of 
96  percent  at  rated  thrust  and  95  percent  at  throttled  conditions. 

(c)  4.  From  the  application  study,  the  common  250K  aerospike  engine 

should  have  a  design  chamber  pressure  of  I3OO  psia  and  a  diameter  of  7^ 
inches.  There  is  no  significant  performance  ixhdcx  advantage  to  increasing 
the  25OK  or  35OK  aerospike  engine  design  chamber  pressure  to  a  value  greater 
than  1500  psia  for  any  one  of  the  six  Air  Force  defined  vehicles  and  mis¬ 
sions.  The  reusable  vehicles  all  require  aignif icantly  lower  engine  cham¬ 
ber  pressures  to  maximize  performance  indeyr  than  do  the  expendable  vehicles, 

(c)  5.  Performance  testing  of  the  selected  triplet  injector  pattern 

in  both  one-half  compartment  (2.5f)  and  ib.ree~corj.partment  (2(K)  segments 
indicates  this  injector  delivers  a  corabu.<ition  efficiency  sufficient 

to  meet  the  overall  specific  impulse  requireoicuts  for  the  engine  for  the 
nominal  mixtiu-e  ratio.  Complete  chumbsr  (25®)  rtsulta  at  40-.percent 
chamber  pressure  verified  segment  findings. 


(c)  6.  Segment  testing  is  nn  effective  and  low-coat  means  of  evaluating 

aerospike  thrust  chambers  and  injectors  for  performance,  injector  dura¬ 
bility,  cooliiig  life,  and  ignition.  The  limits  of  application  of  segments 
should  be  enlarged  to  cover  thrust  chamber  durability,  stability,  and 
reliability  by  duplicating  the  propellant  feed  passages  and  combustion 
compartments  of  the  complete  chamber. 

(c)  7»  Combustion  was  oscillatory  and  damaging  on  the  full-scale  cham¬ 

ber.  Since  combustion  was  stable  over  a  broad  operating  range,  on  the 
one-half  compartment  (2.5i)  segments,  was  oscillatory  but  not  damaging 
on  the  three- compartment  (20K)  segment,  and  injector  propellant  feed 
passages  and  degree  of  coiapartmentation  of  combustion  varied  widely  among 
the  three,  it  is  concluded  that  these  factors  are  connected  with  the  degree 
of  stability  achieved.  Feed  system  and  baffle  modifications  were  helpful 
in  attenuating  the  combustion  oscillations  on  the  250K  thrust  chamber  on 
the  NASA  AdvaiiCeo  Engine  Acrospike  Program  subsequent  to  work  on  this 
contract. 


(c)  8.  Based  on  the  tangential  oscillations  experienced  during  testing 

of  the  full-scale  annular  chamber,  it  is  recommended  that  subsequent  aero- 
spike  engines  consider  the  segmentation  of  the  propellant  manifolds  to 
avoid  feed  system  combustion  process  coupling.  It  is  further  recommended 
that  the  thrust  chamber  baffles  be  sealed  to  the  thrust  chamber  walls  and 
be  of  sufficient  length  to  ensure  that  the  combustion  energy  is  released 
within  the  baffled  compartment. 

(u)  9.  Nozzle  performance  results  for  the  selected  design  from 

solid-vmll  and  tube-wall  testing  were  close  to  predicted  values  from  cold- 
flow  models,  ICii,  and  hlK  hot-firing  testa.  Nozzle  performance  is  suf¬ 
ficient  to  meet  tlie  overall  specific  inqnilse  requirements  for  the  engine. 
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(u)  10.  Injector  durability  has  been  demonstrated  by  one  2.  5K-segtnent 

injector  undergoing  229  tests  with  no  lealta,  the  many  2.5K  units  fired, 
and  a  20K  injector  undergoing  repeated  tests  up  to  47  seconds  duration. 

testing  lias  shown  the  necessity  to  minimize  intercompartmental  and 
local  gas  circulation. 

(U)  11.  Hot  -gas  tapoff  from  the  combustion  chamber  for  turbine  drive 

with  the  compartmented  aerospike  thrust  chamber  has  been  demonstrated  to 
be  feasible.  The  feasibility  of  hot-gas  ignition  of  a  chamber  segment, 
with  the  tapoff  porta  serving  as  hot-gas  entry  ports  for  ignition,  has 
been  demonstrated  on  a  chamber  segment  (on  a  related  program). 

(u)  12.  The  NASA  System  and  Dynamics  Investigation  manifold  studies  and 

25OK  hot-firing  testa  have  shown  that  the  current  aerospike  liquid  oxygen 
manifold  design  will  fulfill  thrust  chamber  start  and  shutdown  require¬ 
ments.  Priming  times  are  predictable  with  a  developed  analytical  model 
for  all  required  flow  conditions,  and  ignition  and  buildup  are  satisfactory 
Shutdown  characteristics  with  gaseous  nitrogen  purge  have  beta  shown  to 
be  controllable  and  acceptable. 

(U)  13.  Successful  completion  of  furnace  braze  of  four  outer-body  and 

four  inner-body  250K  tube-wall  asseiablies  (two  each  on  the  NASA  System 
and  Dynaoiics  Investigation  program)  demonstrates  the  workability  of  this 
tooling  and  fabrication  procedure.  As  the  demonstrator  module  tube  bun¬ 
dle  is  designed  to  use  this  same  tooling,  modified  for  detailed  differences 
it  is  believed  that  a  similar  one-for-one  success  can  be  achieved  for  that 
chamber.  Many  techniques  for  dimensional  control,  checks  of  details  be¬ 
fore  assewbly,  and  multiple-station  tooling,  particularly  applicable  to 
annular  injectoje  and  chambers,  were  developed  for  reduced  cost  of  future 
units. 

(C)  14.  Testing  of  both  copper  and  nickel  tuoe  wall  segments  to  I5OO 

psi  chamber  pressure  illustrates  r.he  capability  of  regenerative  cooling 
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of  the  demonstrator  chamber  combustor  shape  with  a  high-perfonning  injector. 
Testing  of  a  nickel  tube  segment  with  a  99-pe*‘cciit  c*  efficiency  injector  to 
2050  pai  chamber  pressure  on  a  related  program  with  no  damage  to  the  tubes 
demonstrates  a  measure  of  cooling  margin  available. 

(c)  15.  From  analytical  studies,  laboratory  materials  fatigue  tests, 

brazing  tests,  tube  tester  simulation  tests,  and  hot-fire  experience,  it 
is  concluded  that  Nickel  200  is  superior  to  stainless  steel  and  pure  (OFHC) 
copper  as  a  Demonstrator  Module  thrust  chamber  tube  material.  However, 
beryllium-copper  shows  great  long-range  promise  as  a  superior  material 
to  nickel  when  available  in  tube  form. 

(c)  16.  Testing  of  a  second  nickel  tube-wall  segment  for  31^  start-stop 

cycles  has  demonstrated  adequate  fatigue  life  of  nickel  tube  material. 

Over  280  of  these  C3'’cleo  were  from  ambient  to  maximum  tube-wa]  1  tempera¬ 
ture  with  material  plastic  strain  as  predicted  for  the  Demonstrator 
Module,  This  conclusion  is  supported  by  materials  testing,  tube-tester 
simulation  tests  for  the  same  number  of  cycles,  and  an  analytical  model 
of  the  heating  and  strain-producing  process. 

(C)  i7.  Testing  of  the  ^OK  segment  from  6OO-  to  i5^0-psi  chamber  pres¬ 

sure  and  for  a  duration  of  b?  seconds,  regeneratively  cooled,  demonstrates 
the  capability  of  a  lightweight  structure  with  structural  ties  through 
the  combustion  chamber  to  maintain  a  predictable  threat  gap  through  the 
operating  range.  Ability  to  cool  the  structure  and  seal  the  cooling  cir¬ 
cuit  was  also  demonstrated.  Combustion  performance  and  overall  heat  flux 
measured  on  the  20K  segment  tests  compare  favorably  to  2,5K  segment  re¬ 
sults  and,  therefore,  to  the  data  used  as  a  basis  for  Demonstrator  thrust 
chamber  predictions.  The  use  of  adhesive  bonding  will  require  special 
care  during  fabrication. 
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TASK  I,  DESIGN  AND  ANALYSIS 


DEMONSTRATOR  MODUIE  DESIGN 


Ob.iectivca  and  Requirements 

(u)  The  requirements  for  this  subtask  were  as  follows: 

(u)  Module  Design  was  to  include  preliminary  designs  of  the  Demonstrator 
Module  and  the  generation  of  parametric  data  required  in  the  application 
study.  Therefore,  this  effort  was  to  include  a  comprehensive  analysis 
of  performance,  cooling,  system  control,  and  engine  weight.  An  analysis 
was  also  to  be  performed  to  identify  features  needed  to  enhance  the  ver¬ 
satility  of  the  module  design  for  use  in  a  broad  range  of  vehicle  appli¬ 
cations.  From  the  preliminary  module  design,  detailed  component  designs 
were  to  be  derived  for  the  test  articles  to  be  used  in  testin^. 

(u)  Detailed  designs  were  to  be  conducted  for  long-lead  time  items  re¬ 
quired  for  fabrication  of  Demonstrator  Module  tsui.cwjr/.pc.  An  ani:ly.''.'is 
of  the  control  system  was  to  be  conducted  to  viefine  ccntx-ol  system  and 
servo  loop  requirements.  FYeiiminary  design  ci  lOiitrcl  eystn/p.  coisrporjorict. 
were  to  be  completed. 

(u)  The  objective  then  of  the  Fuase  X  Demonstrator  Module  Dealt, r,  and 
Analysis  Task  was  to  define  design  requirements  for  a  fn.ll  acalr  engine 
to  be  built  in  Phase  II  and  used  in  a  demonstration  tost  series  nt  aJTe 
and  altitude  conditions.  Tlic  test  scries  will  demonctrete  pei  i  omance , 
operating  characteristics,  combustion  stability,  duraoiiity,  altiujdo 
restart,  start  and  cutoff  behavior,  and  control  churacterint.’ cs.  Specific 
design  goals  arc-  listed  in  Table  9  .  Sufficient  detailed  hertWare  design 
was  to  be  mode  on  the  engine  syetem  and  critical  compon'-ni «  suc.b  ys  the 
thrust  chamber,  turbopuwps ,  and  control  elements  to  pemlt  liiitiaiju.i  oi 
long-lead  item  procurement  within  4  to  6  monthe  after  ITiaso  11  gt-ansatv. 
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(C) 


TABLE  9 


DEMONSTFiATOn  MODULE  DESIGN  riEQUDlEMENTS 


Nominal  Vacuum  Thrust 

Minimum  Delivered  Specific 
Impulse 

Throttling  Range 

Overall  Mixture  Ratio  Range 

Expacsioi'.  Ratio 


Durability 

Single  Continuous  Run  Luraiioi 
Engine  Start & 

Control  Capability 

f  (  ,  . 

*  »  ' 

1 .  ■  ‘  ^ 

D;. upelianr  Conditions  a;  Ltglns 
Inlets 


Ejivironraentiil  Conditions 

■  t,  \ .  i;. 


Efigifio/Vehi  c  ie  Tuc-rf «cc 
■  CjnnriionH  , 


250,000  pounds  at  nominal  mixture  ratio 

^6%  of  theoretical  shifting  I  at  rated 
thrust  ® 

of  theoretical  shifting  I  during 
throttling  ^ 

Continuous  down  to  20^  of  rated  thrust 

Engine  operation  from  5.0  to  7*0 
Nominal  design  point  6.0 

Area  ratio(s)  representative  of  booster 
nnd  upper-stage  applications.  Overall 
static  engine  diameter  will  not  exceed 
100  inches 

lO  hours  time  between  overhauls,  100 
reused,  300  starts,  309  thermal  cycles, 
10,000  valve  cycles 

Capability  from  10  to  6G0  seconds 

Multiple  j'flstairt  at  sea  level  or 
altitude 

Plus  or  minus  5)^  cccuracy  in  thrust 
aiul  mixtu.i-'?  ratio  at  rated  tlirust. 
Excursions  Irom  e.xtrcaw  to  extreme  in 
thrust  or  mixture  ratio  witiiin  5 
seconds 

LO.^;  16  feet  Ml’iiH  i’toa«  1  atmosphere 
bulling  temperatuif  to  180  li 
LO^;  60  feet  iVreil  from  1  atmosp'iere 
boil.irg  teicpcirfure  to  45  R 

Sea  level  to  vncnuti  c-onditioria.  Com¬ 
bined  aoceltintioas:  10  g  axial  with 
2  g  tranaversc,  6,5  g  ajiul  witii  3  g 
transverse.  3  g  a/.ial  with  6  .g 
trcnsversfi 

Plight  Modulo  design  withovst  reiiuire- 
lEx’nts  f-or  cxnerusj',  p-T./er.  with  the 
'SX'..?ptica  of  uomififil  eieci..rtce..'.  power 
and  3000-)i‘.'iti  heliui'i  from  Mie  veJ)lcle 


(u)  The  effort  expended  on  Task  I  during  the  contract  period  was  defined 
by  the  objectives  to  include  the  Demonstrator  Module  analysis  and  design 
portions  of  the  contract.  Under  the  analysis  portions,  the  effort  was 
broken  down  into  aystaa  trade  studies  and  design  support  analysis.  The 
trade  studies  included  a  re-evaluation  of  the  pump  power  cycle  (tapoff 
vs  gas  generator)  and  the  turbine  arrangement  (series  vs  parallel),  an 
investigation  and  selection  of  the  optimum  module  control  points  (liquid 
vs  hot- gas  valves  control)  and  control  logic  (open  loop  vs  closed  loop), 
and  a  selection  of  the  optimum  operating  envelope  (constant  thrust  vs 
constant  chamber  pressure  mixture  ratio  excursions). 

(U)  The  design  analysis  began  with  an  initial  estimate  of  the  system 
engine  balance.  This  defined  preliminary  engine  parameters  to  be  used 
in  the  first  preliminary  system  and  component  designs.  Feedback  from 
the  design  groups  then  provided  a  better  basis  for  more  accurate  system 
balancea.  These  data  wei^e  then  used  in  predicting  the  system  performance 
and  in  formulating  a  s3'^atem  start  model.  The  sensitivity  cf  the  system 
to  design  changes  was  studied,  and  the  effect  of  manuiacturing  tolerances 
was  incorporated  into  the  calculation  of  the  system  design  parameters. 
Final  engine  performance  and  weight  calculations  were  then  made  for  both 
a  Demonstrator  Module  and  a  projected  Flight  Module. 

(u)  Under  the  design  portion  of  work,  the  effort  was  broken  down  into 
system  design,  turbomachinery  design,  thrust  chamber  design,  and  controls 
design.  The  system  design  included  an  investigation  of  alternative  thrust 
structure  concepts  which  considered  different  types  of  structural  members 
(solid  beams,  trusses,  honeycomb)  as  well  as  different  locations  of  the 
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yijalj'T.l  point,  'ilic  major  coaiponent  loct-tioni  and  interfaces  were  deter¬ 
mined  and  the  availvdile  envelopes  defined.  The  sy.sfcem  design  ijitc^ra- 
ti on  fonctioa  included  the  preliminary  design  of  nil  of  the  interconnect 
ducting  and  component  support  mounts.  An  overall  module  design  layout 
vas  then  completed  together  with  separate  subsystcu  layouts. 

(u)  The  turbomachinery  design  effort  began  vith  basic  design  trade 
studies  in  order  to  select  the  pump,  preiuducer,  and  turbine  conf igurc.- 
tion.  Centrifugal  and  radial  designs  were  studied  for  the  pumps,  separate- 
and  integral-drive  arrangements  were  studied  for  the  prcinductrs,  and  dif¬ 
ferent  numbers  of  wheels  were  studied  for  the  bot-gas  turbines.  After  the 
basic  design  concepts  were  selected,  analytical  studies  were  conducted  to 
optimize  such  design  features  as  the  impeller  blade  profile,  the  turbine 
wheel  configuration  and  attachment,  the  axial  thrust  balance  mechanism, 
and  the  bearing  support  design.  Finally;  a  rotod>'iiQnics  analysis  was 
conducted  to  ensure  that  the  turbopumps  operated  safely  away  from  the 
critical  speeds.  Pump  and  turbine  performance  was  predicted  in  support 
of  the  system  analysis  effort.  The  task  was  concluded  with  the  prepara¬ 
tion  of  detail  design  layouts  including  the  selection  of  materials,  bear¬ 
ings,  and  seals. 

(u)  The  thrust  chamber  design  effort  included  performance,  structural, 
and  heat  transfer  studies  of  the  combustor  and  nozzle,  thrust  chamber 
support  structure,  injector  design,  and  ba.se  closure  design.  Heat  tnins- 
fer  analysis  of  the  combustor  and  nozzle  included  rhe  selection  of  an 
appropriate  cooling  circuit  and  tube  material,  and  the  prediction  of  the 
regenerative-cooling  circuit  pressure  drop.  In  addition,  the  tube  design 
had  to  be  optimized  with  respect  to  size,  contour,  and  thickness  in  order 
to  meet  the  performance  and  life  goals.  Several  alternative  combustor 
support  structure  designs  comparing  different  materials  and  bonding  con¬ 
cepts  were  studied  in  an  effort  to  minimize  wciglit.  The  injector  design 
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was  studied  to  optimize  comtjuotioii  performance  as  well  aa  ensure  satia- 
factoiy  tapoff  and  igniticn  characteriatics .  At cornetive  injector  mount¬ 
ing  concepts  were  studied  in  cf njuuction  with  the  eubsonic  otruciurttl  tie 
design.  Design  conaideratiops  for  the  latter  included  structural  re-' 
quirementa,  tapoff  port  proviaicne,  and  cooling  circuit  requirements. 
Different  base  cloeuic-  designs  wore  siuvlied  with  >.iif t'ereni  mourning 
coriceptG  in  order  to  attain  muxiEiiM  performance  with  niinimuia  weight.  A 
detail  thrust  chamber  layout  was  ccsupleteil, 

(o)  The  coiitrols  design  effort  vaa  coiwiijcted  in  two  ba'sic.  areatt,  per- 
fortunnee  controller  logic  and  valve  mechanical  design.  The  former  con- 
sistf-'d  of  formulating  controller  logic  and  functional  dosi.gi’  and  then 
performing  system  control  analyses  on  an  analog  model.  'The  mechanical 
deeigii  tffort  included  an  evaluation  of  different  design  coywepts  fur 
the  liquid  propellant  valves  (poppet,  butterfly,  and  visor)  and  the 
hot-gas  throttle  valves  (balanced  poppet,  conventional  poppet,  butterfly, 
ivnd  visor).  After  the  t  .ncept  selection  was  mads,  design  layouts  were 
cocjplf.teo  for  the  two  «u  in  liquid  propellant  valves  and,  also,  for  the 
hol'gns  tapoff  throttle  valve. 


Sefflonstrator  Module  Desian  Summary 

(U)  The  laajor  trade  studies  that  served  to  establish  tlie  basic  Demon¬ 
strator  Module  conf iguration  included  the  power  cycle  evaluation,  tie 
selection  of  the  throttling  and  raixture  ratio  contro'.  nystem,  the  tiir- 
bcrsacLiriery  ue..igii  selectiun,  Miid  the  thrust  chamber  combuctor  coniig- 
urution  selection. 
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(U/  The  cvcle  trade  study  involved  a  coapa.iison  of  the  tapoff  end  the 
gag  gip.erator  cycles,  and  a  series  and  parallel  turbine  arrangement.  A 
tapofi  cycle  v;ith  parallel  turbines  vas  coniiriaed  Rupsrior  because  it 
offered  n  eiTpler,  1. ighter-weight  syntem  vitb  better  atari  characteristics 
and  higher  petioTnarict  during  thvottliug. 

‘‘ylf)  The  throttling  end  mixture  ratio  control  systt-pi  aelcction  involved 
a  study  of  the  pooai.ble  control  points,  control  logic,  end  operating  en¬ 
velopes.  Flot-ges  valves  located  :.ti  series,  one  in  the  main  tupoff  duct 
to  control  thrust  and  ore  in  the  oxidizer  turbine  inlet  duct  to  control 
engine  mixture  ratio,  vere  selected  because  of  higher  perforit'ance ,  lighter 
weight,  and  control  flexibility,  A  closed-loop  logic  sj-atem  was  selected 
to  Bioct  the  accuracy,  safety,  and  response  requirements  of  the  engine 
syste-m,  A  mixture  ratio  excursion  at  constant  chamber  pressure  was  se¬ 
lected  instead  of  a  constant-tlrust  excursion  beesnae  of  control  system 
simplifications  and  more  favorable  vehicle  application  results, 

(u)  A  two-stage  centrifugal  design  v/aa  selected  for  the  fuel  pump  because 
it  offers  low  weight  and  high  efficiency  together  with  good  stall  charac¬ 
teristics,  A  single-stage  centrifugal  design  was  selected  for  the  oxidizei 
pump  because  the  low  bend  and  medium  flo\/r«te  are  ideally  suited  to  such 
a  design.  Axial  flow  preinducers  were  selected  for  both  pmups  with  hy¬ 
draulic  turbines  used  for  the  driving  power.  Because  hydrodynomic  con- 
siderntiona  dictated  different  speed  ratios,  the  hydraulic  turbine  v/as 
located  behind  the  preinducer  in  the  fuel  pump,  und  in  tlie  pre i tui uccr 
hub  in  the  oxidizer  pump.  Three-row,  velocity-compounded  turbines  were 
selected  to  power  the  pumps  because  iliey  offei  the  best  pcrfoMBunce  ve 
weight  trudjoff. 
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(U)  The  thrust  chamber  design  analysis  included  the  selection  of  a 
St  t-a  ight  -walled  coiiibustion  chamber  becauac  of  increased  performance  and 
simplified  chamber  construction. 

(U)  Tlie  final  Demonstrator  Module  design  has  a  niaximum  overall  diameter 
of  100  inches  and  a  length  of  56.55  inches,  and  the  dyriamic  envelope  dia¬ 
meter  is  equal  to  the  static  envelope  diameter  because  the  gimbal  point 
is  located  in  the  plane  of  the  maximuai  diameter.  The  overall  engine  di¬ 
mensions  and  the  physical  relationahips  of  the  components  are  shown  in 
Fig.  25  . 

(U)  Tlie  Demonstrator  Engine  schematic,  showing  babic  elements  and  pro¬ 
pellant  flow  pathij,  is  shown  in  Fig.  26  .  Individual  oxidizer  and  fuel 
turbopumpa  are  used  with  the  turbines  driven  in  parallel  by  hot  gases 
tapped  from  the  main  combustion  chaudjer  during  mainaicage  operation.  The 
exhauii.t  from  the  turbines  is  discharged  thiough  the  base  closure  into 
the  nozzle  base  region,  producing  an  increase  in  btiae  pressure  tb?4t  con¬ 
tributes  to  total  thrust.  The  complete  tbrust  chamber  and  injector  are 
regenerative ly  cooled  with  fuel.  Thrust  conirol  io  achieved  with  the 
tapoff  throttle  valve  located  at  the  Y- jiuici.ion  cf  the  two  tapoff  bot-gas 
ducts,  and  engine  mixture  ratio  i,vj  controlisd  by  a  thrv'ttle  valve  If/cated 
at  the  oxidizer  turbine  inlet.  Ignition  is  accoiuplishedi  under  tank  head 
pressures  with  the  use  of  a  separate  hot-gas  igniter  (HGl).  This  com¬ 
ponent  produces  hot  gases  which  are  discharged  into  the  turbine  drive 
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ducting  and  used  to  provide  both  the  initial  turbine  opin  and  the  igni“ 
tion  energy  source  for  the  main  chamber.  The  temperature  of  the  hot-gas 
igniter  is  controlled  by  an  automatic  oxidizer  y.reeHore  regulator  in  the 
HGI  inlet  line.  Once  main  chamber  Ignition  is  achieved,  the  HGI  is  shut 
down  with  its  own  liquid-propellant  shutoff  valves,  and  the  combuator  body 
is  isolated  from  the  tapoff  system  by  closing  the  Hiil  icolotion  valve. 
Kiigin6  shutdown  is  achisyod  sisiu^.y  by  closing  th-fc  o^idi^cx*  tui^hiuo  %’’Slvc 
and  sequencing  the  main  propellant  valves  to  pro^’■ide  a  fuel-rich  cutoff. 

(C)  Uaing  a  systema  enginctring  uppioach,  the  fn^gjne  mechanical  design 
was  divided  into  the  following  four  functionaJ  aubeystems:  thruot ,  pro¬ 
pellant  feed,  turbine  drive,  and  hot~gas  ignition.  The  thrust  subaystem 
is  comprised  of  the  thrust  chamber  and  injector,  the  thrust  structure, 
and  the  base  closure.  The  thrust  chamber  consists  of  two  j-cgeneratively 
cooled  nickel  tube  subaseemblies ,  referred  to  as  the  inner  body  and  the 
outer  body,  connected  by  40  regenerative ly  cooled  subsonic  struts.  The 
inner-body  tubes  have  a  2:1  sjtlice  approximately  4  int hes  downstream  of 
the  throat  with  nickel  uaed  in  both  se-  ions.  Tlie  injector  is  formed 
by  radially  mounting  240  copper  injector  strips  on  an  Incoiie]  625  struc¬ 
tural  body.  Each  strip  is  2  inches  long  and  3/^  inch  wide,  and  contains 
eight  triplet  patterns  with  two  oxidizer  orifices  for  each  fuel  orifice 
(same  triplet  pattern  as  demonstrated  in  Task  ll).  The  thriiot  chamber 
tubes  are  supported  by  a  mechanically  jointed  segmented  titanium  structure 
adhesively  bonded  to  the  tube  bundle  in  the  area  of  the  combustion  zone, 
and  by  eight  Inconel  718  compression  rings  mounted  between  the  throat  and 
the  nozzle  exit  on  the  inner  body.  The  engine  thrust  structure  transmits 
thrust  from  the  thrust  chamber  to  the  gimbal  bearing  mounting  pad  located 
on  the  engine  centerline.  It  is  couiprised  of  a  radial  beam/huL  assembly 
and  a  truss  cone/intenuediate  ring  asaerobly,  which  is  bolted  to  the  back- 
aide  structure  of  the  combustion  chamber  body.  The  thrust  structure  also 
provides  support  puds  for  the  turbopumps,  liot-gas  igniter,  control  com¬ 
ponents,  and  interface  panels. 


(c)  props llatn'.  feed  BubBypj.oia  i5j  couprir'-ed  of  the  iitjrtid-prj.'ppliant 

ducts,  Yolve.'s,  «:'«d  turbopuinpsi  'ftie  /fiOin  valves  t-re  visor  (modifv.id  bnll)- 
type  valves  vhloli  piovide  on~off  only.  The  o.cidizer  puaip  is  fi 

eingle'etap:e  ccntrifo^al  type  driven  by  a  three-row,  velocivy^'i.ompoi.'.mled , 
li V' i, " 1  s  turbine  ope'ralliig  «L  «  riOuij.iml  of'Ced  of  23,000  rp/u.-  It  is  provi¬ 
ded  vi.th  a  prcinducer  driven  by  a  hub-moHiited  hydraulic  turbine  ucilng 
IrO^  tapped  off  the  piiinp  diBchuigo.  The  puaip  in  seait'd  from  the  fuel-iMch 
turbine  gtises  vuth  a  triple-seal  package  connisting  of  tvo  byd rodytiftvaic 
liftoff  aecondary  aealb  and  a  primary,  purged-shaft  riding  seel.  The  fuel 
pump  is  0  two-stage  centrifugai  ty|n.‘  driven  by  a  three-row,  vclocity-com- 
po\u:ded,  hot-g&o  turbine  cper*ting  at  a  nominal  speed  of  35101^0  ipsc,  The 
fuel  pxitaj)  preinducer  in  di’iven  by  nn  internft.l,  through-flow  hydroulic  tur¬ 
bine.  The  turbine  area  is  aealtd  from  Ligh-preseure  pump  fluids  by  ii 
combination  of  labyrinth  secia  and  a  hydrostatic  liftoff  aeel.  Propellant- 
lubricated  roller  hearings  were  selected  for  both  pv^Eups. 


(U)  The  turbine  drive  EubsysteK  includes  the  hot-gae  ducts  and  the  two 
hot-gas  throttle  valves.  A  trade  study  resulted  iti  the  selection  of  a 
poppet-type  valve  for  the  tapoff  throttle  valve. 


(iJ)  The  hot-gaa  ignition  subsystem  cunsists  of  0  small  comLuction  cham¬ 
ber  for  LOg  and  IHg  1  and  injector,  igi’^itcr  propellant  valves,  e  spark 
ignition  device,  and  an  isolation  valve  located  at  the  combustor  outlet 
in  the  distribution  manifold  which  interfaces  with  the  turbine  drive  sub- 
ayetem. 


(c)  "110  engine  thrust  cud  mixture  ratio  controls  cc'nsist  of  the  two  hot 

gas  throttle  valves,  which  are  the>  only  servocontrol led  valves  in  the 
syutem.  Tliesc  are  hydraulically  actuated  using  facility-Hur])!  ied  liydrau- 
lic  power.  All  other  valves  arc  aequciiced  by  four-way  solenoid  valves, 
and  arc  hydraulically  actuated.  The  servovalves  utilize  an  outer  closed- 
loop  control  system  on  the  Ai-fiirud  performance  pnraiacter  (chfit’.ber  pieeiiorc 


for  the  tapoff  throttle  valve  and  mixtiire  ratio  for  the  oxidizer  tur¬ 
bine  throttle  valve)  and  an  inner  cloaed-loop  control  system  on  valve 
position  using  both  integral  and  proportional  control.  This  type  of 
control  ensures  dynamic  stability  and  safety  while  ineetirig  the  reapunse 


(  5  seconds  between  any  two  points)  and  accuracy  (^3  percent)  require¬ 
ments  of  the  engine  system. 


(U)  Accessibility  for  system  checkout  and  component  repair  has  been 
provided  in  the  design  by  making  the  thrust  chamber  easily  removable 
from  the  thrust  structure.  This  exposes  all  the  major  components,  which 
ore  mounted  directly  to  the  six  radial  beams  of  the  thrust  structure. 

The  base  closure  also  is  removable  from  the  thrust  chamber  to  provide 
access  to  the  internal  cavity  from  below  without  removal  of  the  thrust 
chamber. 


(u)  The  Demonstrator  Module  is  designed  to  interface  with  test  facility 
attach  points,  and  gimbal  actuators  will,  be  replaced  by  nongimbaling 
stiff  arms. 


(c)  The  total  weight  of  the  Demonstrator  Module  was  calculated  to  be 
3950  pounds,  which  represents  a  ayetem  with  basic  Flight  Module  design 
similarity  while  incorporating  test  flexibility  design  features  and  de¬ 
sign  conservatism  considered  prudent  to  meet  demonstration,  cost,  and 
schedule  objectives. 

(c)  Performance  analysis  predicted  an  actual  apccific  impulse  equal  to 
450.1  seconds  at  a  1500-psia  chamber  pressore  end  E!  6:1  mixture  ratio. 

Based  on  analytical  studies  of  a  nonadiabatic  nozzle,  this  yielded  an 
overall  engine  specific  impulse  efficiency  of  97»01  percent  (including 
effects  of  heat  loss,  viscous  drag,  divergence  losses,  and  kinetics  losses). 
The  combustion  clunabcr  performauce  for  the  Demonstrator  Module  was  based 
upon  39  segment  tests  conducted  over  an  operating  uinge  in  excess  of 


fno  r^^isiiviS  iij.x'tiuc  ioti)  niid  thrcttie  rung*';  dcj'xii^  Fl;n«e  I  of  thi.& 
progrt.-ii,  JjDJird  OP  iti«  foci'  data  obtai'ied.  a  r  ■'  rlfioie^cy  of  99-6  per- 
cjin,  was  pt-.'/fli c -'.eo  for  tho  DiStitojeti at.nr  Module  fit  luil-thrust  ccnditions, 

(U)  The  desigr.  of  the  Dea'.ouy-’.rtiif  r  Module  iiicludea  alloi-.'innces  to  account 
for  performance  vti' i atione  tfet  reBi^ll  fioia  hr.rdfe'src  tolerances  aud  cali¬ 
bration  inaccuracies.  Indivitiasl  j-0  cowponent  variations  were  eatablieJijd 
from  previous  RocketJyne  engine  fabrication  end  test  experience.  These 
then  were  used  in  the  parforsiance  prediction  model  to  detemine  the  asaxi- 
mian  design  conditions  required  on  each  component  to  me'>t  the  maximum  thrust 
and  mixture  ratio  excursion  requirements  of  the  engine  system.  Because 
the  Demonstrator  Module  is  closed-loop  controlled  on  chamber  pressure  and 
mixture  ratio,  the  engine  is  first  calibrated  for  design  thrust  to  estab¬ 
lish  the  exact  nominal  chamber  pressure  ai<d  nominal  mixture  ratio.  Thrust 
calibration  accuracies  and  thrust  chamber  fabrication  variations  there¬ 
fore  determine  the  maximum  chamber  pressure  the  engine  might  experience. 
Other  component  variations,  such  as  turbopump  efficiencies,  are  compen¬ 
sated  for  by  changing  the  turbine  flowrate  and  hence  the  pump  power  re¬ 
quired  to  meet  the  chamber  pressure  and  mixture  ratio  input  commands. 

These  variations  have  virtually  no  effect  on  total  thrust  and  lens  than 
a  l-second  effect  on  specific  impulse. 


System  Analysis 

(U)  Operation  and  Periormaiice.  The  uerospike  engine  system  formulated 
during  this  effort  utilizes  an  advanced  nozzle  concept  in  conjunction 
vitli  a  simple  advanced  power  cycle.  The  advanced  nozzle  has  an  annular 
combustion  chamber  with  the  primary  hot  gas  expanding  over  a  truncated 
spike.  A  secondary  gas  flow  is  injected  through  the  base  plane  of  the 
nozzle  to  enhance  the  engine  performance.  Tlic  advanced  power  cycle 
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utilizes  turbines  driven  by  hot  ^asee  tapped  from  the  main  combustion  cham¬ 
ber.  The  system  analysis  effort  vas  concentrated  primarily  upon  determining 
and  optimizing  the  critical  parameters  associated  with  this  cycle  and  there¬ 
after  determining  the  performance  of  the  complete  system. 


(CJ  Engine  Schematic  and  Operation.  The  schematic  shovn  in  Fig.  27 
represents  the  Demonstrator  cycle  configuration,  and  the  pressui'ea  and 
flowrates  correspond  to  the  nominal  design  point  of  250K  thr-ust,  6:1  mix¬ 
ture  ratio,  and  1500-p8ia  chamber  presaure.  Individual  oxidizer  and  fuel 
turbopumpa  are  used  with  separate  turbines  driven  in  parallel  by  hot  gases 
tapped  from  the  main  combustion  chamber  during  mainstage  operation.  The 
exhaust  from  the  turbines  is  discharged  through  the  base  closure  into  the 
nozzle  base  region,  producing  an  increase  in  base  pressure  that  contributes 
to  total  thrust.  The  complete  thrust  chamber  and  injector  are  cooled  en¬ 
tirely  by  the  fuel  flowing  through  e  regenerative  cooling  circuit  before 
it  is  injected  into  the  main  combustion  chamber.  The  oxidizer  flow  is 
pumped  directly  to  the  injector. 


(U)  Engine  control  is  achieved  in  the  hot-gas  lines  feeding  the  turbines 
rather  than  in  the  high-pressure  liquid  lines.  Thrust  is  varied  with  a 
tapoff  throttle  valve  (located  in  the  Y  junction  of  the  two  tapoff  hot- 
gas  ducts)  which  controls  the  power  to  both  turbines.  Engine  mixture 
ratio  is  controlled  by  a  throttle  valve  located  at  the  oxidizer  turbine 
inlet.  Some  interaction  between  these  two  valves  is  required  to  throttle 
at  constant  mixture  ratio,  or  vary  the  mixture  ratio  at  constant  thrust. 


75 


r  uowwATEs,  L8/«ec  —Press 


ThiT  i;iterac^i..>n  ie  achieved  with  a  cloaed-loop  control  eyst'-a.  The  tap- 
off  throttle  volve  i«  closed-loop  controlled  around  chamber  preseme,  and 
the  oxidiici  turbine  valve  is  closed-loop  controlled  az'ound  engine  mixture 
ratio.  Tte  latter  is  sensed  with  turbine-type  flowmeters  in  the  primp  dis¬ 
charge  lines, 


( C)  Tire  thru'^t  and  surrture  ratio  control  valves  are  the  only  servocontrolicd 
valves  in  +he  system  -  They  are  actiiatcl  by  hydraulic  fluid  supplied  by 
the  facility  et  high  preanure.  All  other  valvea  are  aefjuenced  by  foor- 
way  noleuoid  valves  oik!  hydraulically  c.ctuated.  The  servovalves  utili/.e 
ain  outer  closed-loop  control  nystem  on  the  dosired  perforaanc-  parameter 
card  an  inner  closed-loop  control  eyatoti;  on  valve  position,  coupled  with 
a  logic  systeas  which  provides  both  integral  a.nd  propertloua  control  . 

This  type  of  control  ensures  dimamte  stability  and  safety  while  meeting 
the  response  (<  5  seconds  between  OJiy  two  poiute)  and  accuracy  (^3  per  cent} 
requirements  of  the  engine  syetciii. 

(U)  Provision  for  off-design  coniponert  per foriwifice  resulting  from  manu¬ 
facturing  tolerances  is  made  by  insertitig  an  orifice  in  the  fuel  turbine 
inlet  line.  The  oxidizer  turbine  throttle  valve  is  used  ac  the  calibrating 
device  on  the  oxidizer  side. 


( (,}  IgiiitioD  iu  accompli  ebed  under  tank  bead  pressurcfc  witn  the  use  of  a 
separate  hot-gas  igni  ter  (llGl)  .  Tiiis  component  produces  hot  gases  which 
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initial  turbine  and  tbe  i£rtiiio/t  eaeagy  aource  fox*  the  muin  chtnaber. 
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The  temfvSJ. ",  hurt  of  the  IKil  is  cofiti  oiled  b^'  aji  aatoiViiitic  oiritiizor  prc-isijare 
regulator  in  t>ic  iji.lot  line  «»*  iDtaiii\rig  a  co!.\Lustioi;i  teiopp.iiii ture  of  aiiprcj'i- 
mately  I5OO  F.  Once  lEjia  chamber  agiiiti.ov,  it  oohievod,  ’ciiie  BGI  i«  blwi  down 
vith  itn  ovn  liquid- 5;ri'p«-nRft';  eiiotoff  vftlnej?,  and.  the;  combueior  io  iool.'.iteil 
fron  the  topoff  aytiteJi  by  jloaif.g  the  KGl  i.»o5ation  valvo.  Engine  ahutrioen 
is  achieved  aioply  by  c.lofiinj;  the-  oiidizet  turbine-  valve  fU7fi,  nequencAfig  i.ut 
itiain  propellant  valvna  to  pr-ovido  a  fuel-rich  cutoff. 


(C)  Engine  FKiloi)<;ij_iin<l  Fe/.  f  0  ( a;ttr.‘.r-‘7  -  Hyf.tcm  and  component  perf  ormovice 
is  ahcf/-/!  iti  Table  10  ef.  ratert  thrust  and  rLiiimuin  tbruet  I'-r  engine  ■jai.io.re 
ratios  of  G,  6  and  7.  The  variation  of  engine  specific  idpulsc  with  fslti- 
tude  for  cngir/ic  mixtv.i'C  ratios  of  Gi  n/id  /  i&  shovai  in  fig.  28,  ana  'the 
variation  with  thrust  level  is  ahewti  in  29- 


Tretisi  ent  Operati on .  The  valve  arquerioc  and  engine  trair^i  entr, 
for  a  vtu-uuDi  start  arc  shovii  in  Fig..  30.  To  start  the  engine,  u  uiainstagi. 
thrust  coBuoaiid  signal,  tia instage  wixtiire  ratio  commarui  ajgnai,  and  a  stsi-t 
signal  arc  lequired.  The  tiiac  sequencing  of  the  propel Iznt  and  hot-gns 
control  valves  will  then  follow  aa  shown  in  Fig,  30<i>  The  uvjin  fuel  valve 
ia  opened  first  to  establish  fuel  flow  and  to  ensure  liquid  propellarit 
to  the  pump  inlet  and  to  the  hot-g.as  igniter  line.  At  1,0  nccond  (0.5  to 
1.0  .second  of  fuel  lead  will  probably  be  lequii'ed) ,  thr.  hot- igritcr 
valvca  are  opened,  and  combustion  is  e8t,<ibl  i  rhed  in  lb«  UGl  .  The  tapeff 
control  valve  aiid  the  oxidizer  turbine  throttle  valve  are  pou  i  lioncii  full 
open  until  thrust  chanjber  prime.  The  oxJ.Oi*er  oirblnc  tiirotvic  valve  is  . 
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full  open  to  eliminate  exceeaive  valve  movement  wlien  the  main  oxidizer 
valve  opens  to  the  first  position  (20  degreee),  and  to  provide  maximum 
oxidizer  turbine  breakewoy  torque.  The  tapoff  throttle  valve  ie  full 
open  to  maximize  the  hot-geo  ignition  flow  to  the  thirst  chamber. 

(U)  Miile  oxidizer  turbine  breakaway  is  achieved  with  dGI  flow,  fuel  tur¬ 
bine  breakaway  is  predicted  when  the  main  fuel  valve  opens  and  is  due  to 
windrailling  through  the  pump.  If  higher  breakaway  torques  occur,  the  fuel 
turbopurap  will  break  away  with  the  oxidizer  turbopump  under  IlGI  gaa  flow, 

(C)  When  the  HGI  pressure  reaches  190  psi  (to  ensure  sufficient  hot-gos 
flow  to  the  thrust  chanbci:  for  ignition),  the  main  oxidizer  valve  is  opened 
to  a  throttle  position  of  20  degrees. 

(C)  Main  propellent  ignition  will  be  achieved  with  oxygen  in  the  gaseous 
state  being  injected  shortly  after  the  main  oxidizer  valves  leaves  the 
full-closed  j)oaition.  W'hilc  the  dome  is  priming  with  liquid  oxygen, 
chamber  mixture  ratio  is  maintained  greater  than  1.0  (Fig.30g)  and  chamber 
pressure  will  be  maintained  above  100  psi.  After  approximately  600  milli¬ 
seconds,  full  LO^  dome  prime  will  bo  achieved  and  chamber  pressure  will 
rise  to  about  500  psi.  The  hot-gas  ignition  valves  are  signalled  to  close 
when  thrust  chamber  pressuio  paeees  250  psi  to  prevent  excessive  power  to 
the  turbines.  After  this  time,  turbine  flow  is  provided  by  tapoff  gases 
from  the  main  chamber.  Appioximntclj-  100  milliseconds  after  dome  prime 
is  achieved,  the  main  oxidizer  valve  ie  ramped  to  full  open  in  approximately 
100  milliseconds.  At  the  came  time,  the  thrust  and  mixture  ratio  control 
systems  art  activated,  The  remainder  of  the  transient  to  command  thrust 
end  mixture  ratio  ie  governed  by  the  control  syetemB.  The  entire  transieiit 
from  start  signal  to  90-percent  thrust  ie  accomplished  in  3.6  seconds  at 
vacuum. 

(U)  The  engine  transients  shown  in  Fig.  30  give  a  graphic  representation 
of  the  system  dynamics  et  eevcral  of  the  key  points  in  time  during  the 
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start  transient.  The  data  reveal  that  the  fuel  pump  has  a  \ ery  smooth 
buildup  over  the  entire  transient  and  is  virtually  unaffected  by  distur¬ 
bances  in  the  oxidizer  system  such  as  main  oxidizer  vulve  opening.  It 
should  be  pointed  out  that  no  thrust  chamber  bypass  during  start  is  re¬ 
quired  for  the  fuel.  This  is  an  advantage  which  the  acrospike  engine  has 
over  a  conventional  regeneratively  cooled  bell  engine  because  of  the  sig¬ 
nificant  reduction  in  thrust  chamber  tube  volume  (short-length  nozzle). 

(u)  The  oxidizer  pump  discharge  pressure  buildup  (Fig.50d)  reflects  the 
ffioveracnt  of  the  oxidizer  valve  and  the  oxidizer  turbine  throttle  valve 
and  also  the  occurrence  of  thrust  chamber  oxidizer  manifold  priming.  The 
buildup  is  nevertheless  seen  to  be  well  ordered  and  under  control. 

(U)  The  HGI  temperature  (Fig.30h)  is  maintained  at  the  design  level  until 
after  thrust  chamber  ignition  by  the  oxidizer  presoure  regulator.  The 
temperatuie  dips  during  the  fuel-rich  HGI  shutdown. 

(c)  The  thrust  chamber  mixture  ratio  (Fig.30g)  rises  to  approximately 
1.7:1  under  gaseous  oxygen  flow,  during  viiich  time  main  chamber  ignition 
is  achieved.  (llot-gas  ignition  teste  have  indicated  that  mixture  ratios 
in  excess  of  1.0  are  required.)  After  oxidizer  manifold  prime  occurs, 
the  mixture  ratio  rises  rapidly  to  a  value  of  5.7: 1  (thrust  chomber)  by 
the  activation  of  the  mixture  ratio  control  valve. 

(C )  Start  transients  to  levels  other  than  100  percent  were  studied,  end 
the  chamber  pressure  and  pump  speed  t.-accs  for  these  cases  are  shown  in 
Fig. 30b  , 30e,  aud30f.  A  small  overshoot  is  seen  to  occur  for  a  start  of 
20  percept.  The  following  tlirec  engine  control  variatiou»  were  studied  to 
eliminate  the  thrust  chamber  pressure  overshoot  w.ien  starting  the  low 
thrust  levels: 

1,  -Move  the  location  of  the  thrust  control  valve  so  that  it  is 
between  the  central  igniter  and  the  turbines 
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2.  Add  a  flow  controller  to  the  central  igniter  fuel  line 

3.  Add  a  control  valve  in  the  fuel  turbine  inlet  line 


provide  the  capability  to  control  the  indivi¬ 
dual  pump  buildup  rates  and  thereby  eliminate  the  overshoot;  however,  the 
control  complexity  will  be  increased.  Deeper  studies  of  these  alternatives 
will  need  to  be  made  should  subsequent  vehicle  studies  indicate  that  the 
overshoot  is  undesirable. 


(c)  The  transients  for  a  sea  level  stai't  are  shown  in  Fig. 31  .  The  only 
difference  between  this  start  and  a  vacuum  start  is  the  time  to  reach  an 
HGi  pressure  of  190  paia  (time  at  wliich  the  main  oxidizer  valve  is  signaled 
open).  For  sea  level,  this  occurs  at  4.4  seconds  as  opposed  to  2.6  seconds 
at  vacuum.  After  this  time,  the  transients  are  virtually  identical,  and 
the  model  predicted  e  sea  level  start  time  of  5*6  seconds  to  reach  90-percent 
thrust. 
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Figure  31.  Engine  Sea  Level  Start  Transients 
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(c)  In  all  the  atari  trunsienta,  a  fully  preconditioned  pump  waa  aaBuiued 
with  liquid  propellants  up  to  the  snain  valves.  However,  the  effects  of 
different  thrust  chamber  preconditions  were  studied.  T  le  initial  thrust 
chamber  temperature  used  for  the  tranaienta  shown  in  Fig.  30  and  31  was 
±165  F.  This  w"as  ccrisidered  the  maximum  temperature  anticipated  at  sea 
level  or  at  vacuiiiD,  and  hence  represented  the  fuel  system  stability  worst 
condition.  Other  starts  were  calculated  with  a  thrust  chamber  precondition 
temperature  0'/  -65  F,  Only  minor  differences  in  fuel  flow  resulted,  and 
other  transients  were  almost  completely  unaffected.  This  indicates  that  no 
hardware  system  dynamics  problem  can  be  expected  as  a  result  of  an  uncon- 
diti-'ned  thrust  chamber. 


(u)  A  simple  cutoff  of  the  Demonstrator  Module  is  achieved  with  a  single 
'signal  to  the  engine  sequencer  which  signals  the  two  main  prcpcllant  valves 
and  the  oxidizer  turbine  throttle  valve.  The  cutoff  transients  and  valve 
timing  sequence  ore  shown  in  Fig.  32  on  an  expanded  time  scale. 

(c)  At  cutoff  signal,  the  oxidizer  turbine  throttle  valve  and  main  oxidizer 
propellant  valve  are  signaled  to  close;  the  tupoff  throttle  valve  and  main 
fuel  valve  remain  open,  Vhen  the  oxidizer  injection  pressure  reaches  "jOO 
psia,  an  oxidizer  system  purge  commences  and  continues  until  the  oxidizer 
volume  is  completely  purged.  This  sequence  naintains  power  to  the  fuel 
pump  daring  the  purge  period  to  ensure  a  fuel-rich  cutoff. 


(C)  Th  rust  chamber  pressure  drops  to  approximately  60  psi  in  I50  milli¬ 
seconds  OB  a  result  of  the  loss  of  oxidizer  pump  power  and  flow,  Wlieii  the 
main  oxidizer  valve  rcBclscs  full  closed,  a  surge  in  eauoeu  ut  the  piimp  inict 
and  discharge,  hut  because  oxidizer  pump  discharge  is  already  down,  the 
surge  at  the  pump  discharge  is  not  important,  A  surge  of  26  psi  above  oxi¬ 
dizer  tank  pressure  produced  at  the  pump  inlet  would  occur  using  an  inict 
duct  7  inches  in  diameter  and  41  inches  long.  The  magnitude  of  the  surge 
is  ap-proximu tcly  proportional  to  duet  length  divided  by  the  area;  therefore, 
a  longer  duct  or  a  smaller  area  duct  would  produce  0  proportionately  larger 
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Burgo.  After  u  2.5-BCCond  delay,  the  main  fuel  velvr  i  ti  cloBed  and  the 
ohutdowii  is  comj.letcd.  For  the  Demonstrator  Module,  no  optimization  of  the 
purge  timing  wus  conducted;  therefore,  the  tailoff  transient  data  ore  merely 

n  4  cvmf.-v  >.^>-4  ..«1>  ..1..  .  1.  ...i. 1  ..  J.I.  tt>'7  J. 

tA  I  ak  ojuvrv<»  uJiu  vvziii/  wj.li  (liQu  uc  ii:ijiijicu  Uil  LllC  liu  1  t.u 

prevent  ice  foioaition  in  the  ignitor  injector  and  valves.  This  purge  will 
he  continuous  during  engine  operation  as  n  safety  meusurc  ugoinst  possible 
leakage  of  the  isolation  valve. 

(U)  The  Demonytrator  Module  is  so  designed  that  no  additional  recj.i  i  l•en^eIlte 
arc  imposed  for  a  restart;  the  sequence  is  identical  to  that  described  above. 
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(p  )  PrcsBure  MdRets.  In  order  to  catobliBh  the  nominal  design  [irn'iit 
paromctore,  the  system  pressure  losses  were  carefully  studied.  Liquid-line 
loBBCB  directly  affect  pump  diechargo  pressure  and  hot-gas-line  losses  affect 
the  turbine  inlet  piessure.  The  former  is  n  measure  of  the  pump  power  re- 
qui x’CHicnts  and  the  latter  affects  the  turbine  specific  horBcpower  through 
pressure  ratio.  Therefore,  both  ureas  directly  affect  the  magnitude  of  the 
*  turbine  flowrate,  and  since  this  is  uacd  as  the  sijcondary  flovrate  in  the 
acrospike  nozzle,  engine  specific  iuipulsc  is  influeuccU.  Close  coordina¬ 
tion  with  the  design  effort  waa  necesaorj^  to  perform  weight  and  performance 
tradeoffs  in  order  to  optimize  the-  total  system.  The  hot-gas  pressure 
schedule  for  a  miiture  ratio  of  6:1  and  nominal  manufacturing  tolerances 
is  showi  ill  Table  11.  Additional  schedules  for  the  +'3(7  manufacturing 
tolerances  are  also  shown  for  mixture  ratios  of  5:1  and  7:1.  These  lat¬ 
ter  arc  used  to  define  the  calibration  orifice  requirements  and  to  define 
the  operating  range  of  the  tapoff  throttle  valve  (Table  12,  Fig.  3J)  and 
the  oxidizer  t'U'bine  throttle  valve  (Table  13,  Hg-  34).  Liquid-propellant 
feed  pre.ssuie  schedules  are  shown  in  Tables  14  and  15  for  the  nominal  design 
pciut  (P^  =  1500  psia,  MR  =  6:1). 


(u)  PcBigii  Tolerances.  The  design  of  rocket  engine  components  must 
include  allowances  to  account  for  the  performance  variation  due  to  hardware 
variation  and  calibration  inaccuracies  as  well  as  any  expected  variations 
in  test  or  flight  conditions.  This  approach  assigns  realistic  design  mar¬ 
gins  to  all  componpnta.  but  it  does  not  impose  added  weight  penalties  by 
unriecessuji-y  "design  pads,"  Toierances  are  assigned  to  all  variables  such 
as  line  and  injector  rcsir-tances,  pump  and  turbiiie  efficiencies,  and  cali¬ 
bration  accuracy.  Then  the  change  in  engine  operating  conditions  is  found 
for  each  independent  variable  through  the  use  of  a  digital  computer  program 
which  rebalances  the  engine  to  find  the  new  operating  point.  The  total 
expected  component  vai’iation  is  then  found  by  statistically  summing  the 
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Figure  33*  Tapoff  Throttle  Valve  A  P  vs  Flowrate 
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VALVE  AP,  PSI 


TABU  1) 

OXiwiZia  TlUBilM.  THittTlU.  VAl.U  Kt.Ajri]ilJ*.MS 
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I’j  oesure , 

— 
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xil. 

1', 

aU 

Ratio 
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: 

5'  ^9 

621 

1339 

1 3  nci 
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3.34 
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3.54 

2!7 
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3.90 
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2.11 
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1200 
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2.25 
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2.38 
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1.31 
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1.57 
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295 
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0.72 

94 
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(~40,^  F) 
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0.74 
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234 
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0.31 

61 
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0.32 
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OXIDIZER  TURBINE  FLOWRATE,  LB/5EC 


Figure  3'i.  Oxidizer  Turbine  Throttle  Valve  A  P  v3  Flowrate 
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{<  )  TAfUI  14 

LiQi'iD-oxiDi/Uf  nfori;MANT  iui>  rui.j5.suia:  sciudlii; 

(Niiniiiial  I'Jl  =  0:1;  w  =  47U,  I  Ib/sec) 

'  _  ox  _ _ 


lUirawctcr 

Ujistream  Pres  sure 
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Al’,  |)8ia 

’d 
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- 

I*uia|i  RiscIiHrpc  Ibict 

2000 

25 

Flowmctci' 
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25 
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17 
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25 
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44 
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1924 
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LlQUID-nUlL  PROPELIANT  FEED  PRESSUW;  SCHEDUIi: 


(Vominal  MR  = 

6:1;  Wj,  =  79.3  Ib/scc) 
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OpHtream  Pressure, 
psia 

AP,  psia 
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- 

Discharge  Duct 
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34 
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16 
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1 
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TC  Inlet  Manifold 
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4b 
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(’Ilri.'ffl  of  llic  ijl'ii  poiKli'iit  vurinblt‘8.  The  fiBsumpt  j  on  is*  »un:K’  th.it  uM  ol 
flic  t  n  1  Cl  aiicos  cxiiiliif  o  norma Gnusainn  ili  at  rilntt  i  on  und  that  oil  of  flic 
in(ic()c'ndcnt  vurinhlca  do  not  depend  upon  any  other  varialile  for  tlieii'  value. 

(l!)  Since  the  Demoixatfutor  Module  will  have  an  lutivc  conti'ol  Bybtem  for 
thrust  and  mixture  ratio,  the  component  operutiuf;  range  will  not  be  ua 
largo  os  lor  an  engine  wdiicb  docs  not  have  an  active  control  system, 

(ij)  Table  Ki  lists  tbc  hardware  vnriatiaini  and  expected  variationa  in  test 
conditions  which  were  used  to  detcioiinc  the  component  optinting  ru'igea. 

(ll)  The  maximum  expected  operating  condition  was  found  by  rebalancing  the 
cngiiii'  at  the  exti'cmcs  of  the  mixture  ratio  rai.-.ge  ('5.U  and  7.0)  and  select¬ 
ing  the  maximum  condition  for  each  pai'ameter .  Then  the  varintions  ore 
added  to  find  the  Kaximum  expected  oiiernting  condition  fur  eacii  comporicnt. 
The  results  are  tdiown  in  Table  17-  These  results  do  not  ropi'csent  on  engine 
operating  point  because  all  of  the  component  uttixiuium  operation  eonditions 
cannot  occur  s  iraultancously .  As  an  cxnrai»le,  the  1.0,,  t.urbinc  flowrrnte  is  a 
nuximum  at  an  engine  mixture  ratio  of  7-0  and  the  fuel  turbine  flowrate  is 
a  maximam  at  on  engine  mixture  ratio  of  5.tl,  and  thus  tbe.se  two  maximums 
cannot  occur  together  at  a  single  operating  point, 

(c)  The  effect  of  manufacturing  tolerances  on  the  power  cycle  must  also 
be  considered  iu  the  design  of  the  hot-gas  systeir.  Turbomachinery  ineffi¬ 
ciencies  wore  found  to  demand  higher  turbine  flowTaies  which  can  he  Sict 
only  with  higl'.er  turbine  inlet  pressures.  Therefore,  the  system  must  be 
de-signed  to  provide  this  additional  capability  ■‘I’*  turbine  drive 

ga  .  .  arc  tupped  from  the  main  chamber  at  a  fixed  chanii  er  presaure  (l53<* 
jisiu  limxiwuiu} ,  the  turbine  inlet  pressure  can  be  raised  .only  by  the  removal 
of  some  resistance  between  tlie  turbine  and  the  main  chamber.  A  possible 
method  of  providing  tliis  capability  is  to  design  the  control  valves  with 
en  additional  nominal  and  use  these  valves  ns  the  cal  ibratirig-  device. 
However,  because  of  the  series  ari'angemcnt  of  the  tupoff  end  oxidizer 


TABLE  10 


INBEl’ENDENT  VARIABIJ']  ±3 a  VAlllATIONb 

13  0  V^ariation, 
percent. 


Ilardwai  c  Vai  iatlunB 

Main  I'liel  Line  IlveiHlancv  19*5 

Valve  noflietauce  19-5 

Thriiat  Chamber  Reeiatancs  19-5 

Injector  Rcaiatonce  19«5 

Main  1/0,,  Lino  Rcfllatance  19*5 

Valve  IlciiistoDcc  19«5 

Manifold  RcBiatAiice  19*5 

Injector  Ileaiatance  19,5 

Tnpoff  Duct  Reaistance  15-0 

Control  Valve  Ileaiatance  15*0 

LO.,  Turbine  Control  Valve  ReeiBiance  15-0 

Exbauat  Reaistance  15*0 

Efficiency  ^-5 

Nozzle  Area  4,5 

IXiel  Turbine  Echauat  Resistance  15*0 

Efficiency  4.5 

Nozzle  Area  4*5 

LQ,  Piunp  Efficiency  3*51 

*■  Rend  3.0 

Itiel  Pump  Efficiency  3.66 

Head  7.20 

Thrust  Chamber  c*  1.17 

Cj  1.17 

Throat  Area  6.0 

Base  Closure  Flow  Area  4-50 

Expected  In  Test  Variations 

Fuel  Pump  Inlet  Pressure  15.0 

Temperature  0 . 9 

LO,  PuBqp  Inlet  Pressui'e  9*0 

Tesqierature  0.9 

Thrust  Chamber  Pcsssure  3.0 

Engine  Mixture  l.atia  3*0 


I  HJ  J'TC'll.]'  MWIMIM  1’.\IL\M1.11.I!  \AIM.M!l)\S 


.. 

r«rMic*rr 

Mas iauD 

Off  Pcsign 

Va/latlon 

Maiimua 

h'liftiiie  Thruat,  pouiida  i  10^ 

25'i.'i 

7-5 

262.0 

Kiitfinc  Miiture 

7-000 

0.21 

7.21 

Thruat  Chunjljor  Hod  Prraani*** 

(lota] paia 

ino 

105 

1035 

Tliniat  Chamber  Fui‘1  Ib/aoc 

HO.H 

5.02 

93.82 

Thrust  Chsmbor  L0„  Flov,  ’h/sec 

liOy.b 

25.0 

523.0 

Tapoff  rrraauro  (total)  .ijla 

1515 

105 

1620 

Tapnff  l^il  Klov,  Jb/arc 

T-ba’ 

1  .71 

9.30 

Tli-nff  LO,.  Flow,  Ib/ucL 

5-00 

1.3) 

7.17 

Tapol  f  'ifiB  Tt'iD]'(  rature , 

I  oot) 

152 

2112 

Ktiol  Turbine  Out  T<'Di[  eraturr ,  U 

IblO 

127 

1756 

Fuel  Turbine  In  rroaaurc  (total),  paia 

1160 

MV 

1203 

Fuel  Turbine  Speed,  fpm 

lO.HOO 

1560 

38,360 

Fufl  Turbiar  Out  I’reaaurc ,  pai' 

70-90 

B.23 

65.13 

Fuel  Turbine  Tormie,  ft-lb 

at  59 

Sail 

3062 

Fuel  Turbine  Flow,  Ib/aec 

10.5'j 

l.ll 

11.55 

LO,,  Turbine  Out  Temperature,  U 

1720 

133 

1859 

IjCo  Turbine  In  Prcaaure  (total),  paia 

795 

87.0 

882.8 

10.,  Tu.'-bino  Out  Froeflurr,  psis 

<.'..1 

5.32 

50.52 

LO,,  Turbine  Speed,  rpm 

29,000 

1000 

ItO ,  b60 

LO,  Turbine  Torque,  ft-lh 

1122 

95 

1217 

LO.,  Turbine  Flow,  Ib/sre 

3.5'* 

0.51 

3.95 

luel  Pump  Out  ProBauiv  (total),  paia 

2952 

210 

3152 

Valve  In  Pieaaure  (total),  peia 

2S77 

2(V* 

3087 

Thruflt  Chambev  In  Pleasure  (total),  ' 
paia  ! 

2H5H 

205 

306'* 

Injector  In  Prosaure  (total),  paie 

1900 

133 

2053 

Ij02  Pump  Oat  ProBBurc  (total),  paia 

2UH 

166 

2285 

VaIvp  Tn  prpfifltirr  (ifttal). 

20 ''t' 

ibT 

oo  !U 

Manifold  In  Fressure  (total),  paia 

200'i 

160 

2165 

Injector  In  Proahuro  (total),  psia 

1970 

156 

2126 

Fuel  Pump  Head,  feet 

90,H00 

6170 

96,970 

Volume  Flov,  j(pm 

9500 

50) 

10,053 

Horaepovt’T 

19,000 

2000 

21,860 

LO,,  Pump  Heed,  feet 

5263 

357 

5610 

Volume  Flov,  gpa 

3295 

160 

3555 

Horsepower 

5'i06 

653 

6129 

Base  Thrust,  pounds 

9200 

556 

9756 

Rase  Flow,  Ib/aec 

13.53 

1.52 

15.95 

turbine  throttle  valves,  such  a  scheme  would  not  allow  each  turbine  to  be 
calibrated  independently,  and  the  oxidizer  turbine  nominal  design  point 
would  be  adversely  affected,  therefore,  a  modified  scheme  was  adopted 
wherein  a  calibration  orifice  was  placed  in  the  fuel  turbine  inlet  line, 
W'hile  the  oxidizer  turbine  throttle  valve  was  retained  as  the  calibrating 
device  for  the  oxidizer  turbine.  The  design  requirements  for  these  com¬ 
ponents  were  then  determined  from  engine  balances  at  the  operating  envelope 
extremes,  as  discussed  in  the  preceding  section. 

(U)  Ferformance  Analysis.  The  system  performance  analysis  has  been 
divided  into  five  areas:  (l)  combustion  chamber,  (2)  nozzle,  (3)  base 
region,  (li)  tapoff  gas  properties,  and  (5)  the  performance  model.  These 
are  discussed  below. 

(c)  The  combustion  chamber  efficiency,  Vq*  ,  for  the  Demor.stratoi'  Module 
was  based  on  the  2.i)K  injector  test  results  which  are  discussed  in  detail 
in  the  Task  II  section  (page 428).  These  test  results  indicate  a  combustion 
efficiency  0/  greater  than  99  percent  at  1500-psia  chamber  pressures  and 
iiominai  mixture  ratio  with  a  drop  in  efficiency  at  lower  pressures  and 
liiglier  mixture  ratio.  The  predicted  combustor  chamber  efficiency  is 
she vti  in  fig.  35  ,  as  a  function  of  chamber  pressure  and  engine  mixture 
ratio.  The  effect  of  extrocting  fuel-rich  tapoff  gases  causes  the  thrust 
chamber  mixture  ratio  to  shift  as  showm  in  Fig.  36  ,  These  efficiencies 
are  based  on  theoretical  c*  values  which  are  computed  from  the  propellant 
mthalpy  levels  existing  at  the  injector  inlet,  which  are  equal  to  the 
propellant  enthalpies  at  tank  conditions  raised  by  the  enthalpy  increase 
from  the  piunp  work  and  heat  input  to  the  coolant  through  the  boundary 
Icyer. 
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(c)  The  t'nrusL  clionibcr  contour  wua  u|itimizcd  based  on  iterative  aerody¬ 
namic,  viscous  drag,  chemical  kinetics,  and  heat  transfer  studies.  The 
aerodynamic  a/iulysia  wan  uased  on  ciiemicdl  equilibrium  properties.  The 
optimization  included  both  the  inner  spike  contour  and  the  outer  shroud 
contour.  Early  designs  incorporated  a  relatively  short  outer  shroud  and 
a  corresponding  effective  nozzle  diameter  (measured  from  the  shroud  tin) 
of  90.5  inches.  However,  at  lov-pressurc  ratios,  theoretical  flow  field 
calculations  liave  subsequently  indicated  that  the  short  shroud  would  pro¬ 
duce  a  rccompression  shock  of  sufficient  strength  to  exceed  the  cooling 
capacity  of  the  inner  wall  tubes  during  throttled  sea  level  runs.  A  cold- 
flow  test  series  ivns  conducted  to  measure  the  recomprcssicn  wall  presaore 
profiles  for  the  full-length  shroud  and  a  truncated  shroud,  and  to  verify 
tile  calculated  results.  Result.^  arc  discussed  in  the  Thrust  Chamber 
Assembly  section  (pagol77). 

(C)  The  long  shroud  configuration  deoreuBes  the  effective  nozzle  exit 
diameter  from  90-5  bo  89.5  inches,  which  results  in  a  decrease  in  vacuum 
of  0.4  second.  However,  sea  level  performance  increases  by  O.3  second. 

This  configuration  was  therefore  selected  to  provide  the  capability  of 
engine  cooling  at  Ic './-pressure-ratio  operation  since  the  resultant  effect 
on  performance  was  small. 

(U)  A  chemical  kinetic  analysis  of  the  nozzle  was  performed  to  determine 
the  performance  loss  resulting  from  the  nonequilibrium  flow.  This  loss 
is  shown  in  Fig.  37  as  a  function  of  chamber  pressure  and  mixture  ratio. 
The  kinetic  losses  are  lowest  at  lew  mixture  ratios  and  higli  c'.iambcr 
pressures . 

(U)  The  boundary  layer  on  viscous  drag  analysis  was  computed  from  a 
numerical  solution  of  the  boundary  layer  equations  accounting  for  the 
wall  temi>erature,  pressure  gradient,  turbulent  velocity  profile,  and  heat 
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flux  iu  the  boundary  layer.  The  results  are  showi  in  Fig.  58  as  a  de¬ 
gradation  of  thrust  coefficient  as  a  function  of  chamber  pressure. 
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CHAMBER  PRESSURE,  BSIA 

Figure  3o,  Demonstrator  Engine  'J’nrof.tling  Performance 

1 

t 

(U)  The  geometric  efficiency  of  the  i»oz,zie  is  “  function  of  the  nozzle 
contour  and  the  gas  properties.  The  gas  propertiu.'i  u:'  ;•  function  of 
the  propellant  mixture  ratio,  and  thus,  the  nozzle  geometric  efficiency 
varies  with  mixture  ratio  as  shown  in  Fig.  39* 

(bf  The  base  region  of  an  aerospike  nozzle  allows  highly  efficient  use 
of  the  turbine  exhaust  since  these  gases  can  be  used  to  increase  the  base  | 

pressure,  Experimcrtal  investigations  and  theoretical  analysis  have  deter-  j 

mined  that  the  base  pressure  for  a  fixed  nozzle  geometry  design  is  a  function  ’ 

of  chamber  pressure,  secondary  flowrate,  the  properties  of  the  secondary  ! 

gases,  and  ambient  pressure.  The  base  pressure  increases  with  increasing  ! 
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secomlary  gas  flowrate  and  ambient  pressure.  The  relationship  with  secon¬ 
dary  flow  is  shown  in  Fig.  .  llowcvci ,  there  is  a  secondarj'  flowrate  vhicli 
jiruuuceb  iiifixiiuuru  Overall  engine  performance.  The  vanatior.  of  engine  per¬ 
formance  with  secondary'  flow  for  the  Demonstrator  Module  nominal  design 
point  is  shown  in  Fig.  41  .  (it  should  be  noted  that  Fig.  40  and  41  assume 
a  constant  thrust  chamber  mixture  ratio.) 


(C)  Tapoff  gas  proper!  ies  such  as  heat  capacity  ,  molecular  weigjit 

(M) ,  ratio  of  heat  capacities  (y),  and  characteristic  velocity  (c*)  can 
be  determined  by  analytical  methods  if  the  tapoff  gas  temperature  and  pro¬ 
pellant  injector  inlet  conditions  ore  known.  The  Rocketdyne  free-energy 
propellant  program  con  then  be  used  to  calculate  the  resultant  combustion 
products  and  their  properties.  The  tapoff  gas  mixture  ratio  required  to 
give  a  temperature  of  J 9bO  R  decreases  as  the  hydrogen  inlet  temperature 
increases  as  shown  in  Fig.  42.  The  higher  hydrogen  content  of  the  low- 
mixture-ratio  gases  results  in  higher  energy  (i.e.,  Btu/lb  of  gas)  for  the 
same  temperature  because  of  the  higher  heat  capacity  of  the  mixture. 


(c)  The  feasibility  of  obtaining  the  desired  tapoff  temperature  has  been 
demonstrated  by  the  2.5K  segment  test  program.  The  results  are  summarized 
In  Fig.  43  . 


(C)  The  known  tapoff  gas  temperature  {1500  F)  and  the  knoim  hydrogen  in¬ 
let  temperature  (63O  R)  result  in  a  tapoff  gas  Biixture  ratio  of  0.704  as 
shown  in  Fig.  42  .  The  physical  properties  of  the  tapoff  gases  are  then 
fixed  by  the  temperature,  pressure,  and  composition.  These  properties 
are  listed  below; 


Mixture  Ratio,  o/f  O.764 

Molecular  Weight  3-550 

Heat  Capacity,  Btu/lb-ll  2.13 

Ratio  of  Specific  Heats  1.5557 

Characteristic  Velocity  (c*),  ft/eec  7730 
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Figur-f.'  42,  Tapo.ff  Gas  Ml!,  vs  Ityiirogni 
Inlet  Teusperatuie 
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(U)  The  pi’occdure  foi'  crtlculution  of  delivered  perf ormunce  is  similar  to 
the  pcrlormaiiee  model  laidei-  coii3id''rat ioa  hj'  the  iCIUHj  ?erf oraaiicc  Staiidard- 
izatiou  Group.  The  major  culculntioiis  aiui  Hequeiice  in  the  Rocketdjaic  tech¬ 
nique  is  illustrated  in  Fig.  kh.  Included  in  this  proccdux'e  arc  th<'  effects 
of  advanced  puinp-fed  systems  and  nozzles,  viiich  extend  it  beyond  the  current 
ICIllXi  investigation.  Ftockctdync's  developed  and  verified  technology  pro¬ 
vides  the  base  for  analj’ses  of  these  special  asjiects. 

(U)  Rigorous  performance  calculation  requires  u  aeries  of  iterations  to 
converge  on  the  final  perfonnance  prediction,  primarily  as  n  result  of 
first-order  interactions  between  processes  wliich  occur  simultaneously  in 
the  engine.  As  an  example,  the  flow  field  and  boundarj'  layer  analyses 
must  be  completed  before  propellant  injection  temperature  is  known,  bui, 
they,  in  turn,  are  dependent  on  injection  temperature.  First  estimates 
must  therefore  be  made  and  an  iterative  analysis  conducted  by  adjusting 
the  estimates  until  a  converging  answer  is  obtained. 


Figure  kh.  Delivered  Performance  Calculation  Procedure 


(u)  Aii  primci’y  ini crociions  between  loos  mcchaniBins  and  moBt  secondary 
interactiona  are  accounted  for  in  the  [iroccdure  shown  in  Fig.  44.  All  of 
the  primai'y  and  accondai'y  effects  considered  by  the  ICHTO  are  included 
witli  the  cKce|>tion  of  the  effects  of  finite  reaction  rates  on  the  boundary 
layer  and  combustion  efficiency  losses.  In  the  current  state  of  the  art, 
no  method  is  available  for  computing  the  effects  of  kinetics  on  the  boundary 
layer  loss.  As  for  combustion  efficiency  Iorbos,  it  is  not  necessary  to 
account  for  them  analytically  because  the  cornkuation  efficiency  is  deter¬ 
mined  dire‘ctly  from  hot-fire  test  data.  The  Hocketdyne  procedure  therefore 
includes  virtually  every  computable  effect  that  is  believed  by  the  ICIll*G 
to  influence  the  performance  by  0.2  percent  or  more.  In  addition,  the 
effects  of  onc-dimonsiona 1  heat  loss  and  secondary  flow,  not  considered 
by  the  ICRPG,  are  included. 

(c)  Senai tivity .  Figures  45  through  47  illustrate  the  sensitivity 
of  specific  im[iul8“  to  several  engine  design  and  operating  parameters  for 
the  engine  operating  at  250K  and  a  mixture  ratio  of  6.  Figures  45  and  56 
present  the  aensiCivity  of  the  engine  to  turbine  inlet  temperature  and 
turbomnehinery  efficiencies  as  a  function  of  chamber  pressure.  These  indi¬ 
cate  that  the  engine  is  more  senritive  at  a  higher  pressure.  This  is 
explained  by  the  fact  that  the  engine  performance  is  a  function  of  the  hot- 
gas  flowrate  extracted  from  the  chamber  to  drive  the  turbines,  end  this 
flowate  is  proportional  to  the  pump  power  requirements  and,  thus,  the 
chamber  pressure.  Therefore,  a  given  percent  change  in  efficiencies  or 
turbine  inlet  temperature  causes  a  larger  absolute  change  in  turbine  flow¬ 
rate  at  high  pressure,  and  hence  has  a  larger  effect  on  delivered  specific 
impulse.  Figure  45  shows  the  effect  of  turbine  inlet  temperature  and  Fig. 

46  the  effect  of  turbomachinery  efficiencies.  The  latter  is  plotted  as 
gain  factors  which  are  applied  to  all  four  nominal  turbopump  efficiencies. 
Thus,  the  90-percent  gain  line  reflects  a  20-percent  increase  in  turbine 
flowrate.  Figure  47  shows  also  the  individual  effects  of  the  pumps  and 
turbines  at  a  chamber  pressure  of  1500  psia.  The  data  reveal  that  the 
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lerospike  engine  ijcrformance  is  relatively  inseneitivc  even  to  large  changes 
in  the  turbomachinery  performance.  The  effect  of  pump  discharge  pressure 
also  is  included  in  this  figure.  Changes  in  the  fuel  pump  discharge  pres- 
eure  reflect  changes  in  the  cooling  jacket  pressure  drop,  and  these,  too, 
are  seen  to  have  a  very  small  effect  on  specific  impulse. 


(u)  Start  Model.  The  start  transients  shown  in  Fig.  30  were  deter¬ 
mined  from  a  mathematical  model  formulated  to  simulate  the  low-frequency 
dynamic  behavior  of  the  Demonstrator  Module  system.  This  model  is  an 
analytical  formulation  end  numerical  solution  of  a  set  of  equations  that 
simulate  the  engine  system.  The  formulations  include  the  nonlinear  partial 
differential  equations  that  describe,  over  the  entire  region  encountered 
during  start,  the  liquid,  gas,  and  supercritical  propellant  in  the  feed 
systems.  The  feed  system  descriptions  also  include  pumps,  ducting,  and 
distributed  parameter  cooling  tubes  with  two-dimensional  heat  transfer. 

The  engine  system  description  also  incorporates  the  nonlinear  differenriel 
and  algebra, ic  equations  required  to  describe  the  low-frequency  combustion 
process,  bot-gas  flow,  and  turbine  power  generation.  The  analytical  form¬ 
ulations  have  control  logic  and  nonlinearities  that  are  representative  of 
the  engine  sequencing  and  control  valves.  The  entire  system  of  equations 
is  solved  simultaneously  with  the  aid  of  computer  technologj'  developed  as 
a  result  of  the  start  model  experience  at  Rocketdyne. 

(C)  The  HG  I  flow  transient  shown  in  Fig.  48  indicates  a  smooth  operating 
range  from  ignition  (l.O  second)  to  cutoff  (3.5  seconds)  During  this 
period.  I.he  temneratine  is  h.  ld  constant  by  the  autnmati  ovi(li?,er  pressure 
regulator  which  maintaiiis  a  constant  HGI  mixture  ratio.  The  start  model 
assumed  a  simple  control  device  wliich  makes  the  oxidizer  regulator  out 
presBurc  equal  to  a  reference  hydrogen  pressure  just  upstream  of  the  HGI 
injector.  Py  proper  design  of  the  HGI  injector  resiBlances,  this  will 
ensure  n  constant  mixture  ratio  of  1.12  which  yields  a  temperature  of 
1500  F.  The  reference  hydrogen  pressure  was  taken  at  a  point  between  the 
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HGl  and  the  intcip  disciiarge  with  an  arbitrary  rcsiatance  equal  to  that  of 
the  liul  injectoi  iuBerteu  u()atream  of  the  reference  point.  Thia  partic¬ 
ular  division  of  the  fuel-side  resistance  was  found  by  trial  and  error  to 
jicnait  temperature  control  during  the  entire  HGl  operation  while  providing 
a  rapid,  smooth  start.  in  order  to  Bccompllsh  tins,  it  may  be  necessary 
to  orifice  the  fuel -aide  feed  system  since  the  injector  resistance  does 
not  necessarily  represent  one-holf  of  the  total  resistance.  A  check  on 
the  resulting  available  injection  pressure  drops  determined  that  both  the 
fuel  and  o:sidizer  AP's  were  adequate  for  satisfactory  IIGI  operation. 

(U)  Figure  49  shows  the  resultant  oxidizer  pressure  regulntoi  requirements. 
The  shaded  region  between  the  oxidizer  pump  discharge  pressure  and  the 
regulator  reference  pressure  defines  the  regulator  AP  transient  (Fi  g-49a) . 
Thia  is  plotted  directly  in  Fig. 49b  together  virh  a  relative  resistance 
curve  determined  by  dividing  by  the  flowrate  squared.  Decause  the  flowi-ate 
is  80  small  at  the  start,  the  maximum  regulator  resistance  occurs  at  this 
time.  Specific  transient  data  listing  pressures,  flowrates,  and  AP's  are 
presented  in  Table  18. 

(c)  The  Demonstrator  Module  start  model  defined  regulator  requirements 
with  a  6:1  resistance  range.  This  is  not  anticipated  to  present  any  design 
problems.  A  regulator  based  on  the  same  back-to-back  pressure  reference 
principle  is  currently  being  studied  for  a  possible  application  on  the  J-2 
engine.  This  regulator  has  a  resistance  range  of  roughly  1000:1  and  a 
response  of  85  cps.  Visile  the  accuracy  requirements  for  the  J-2  applica¬ 
tion  are  not  very  stringent  (temperature  control  within  500  F) ,  the  design 
appears  to  offer  reasonable  control  that  might  well  be  capable  of  meeting 
possible  Demonstrator  requirements  of  approximatwl/  ^50  F, 

(C)  The  transition  from  HGI  operation  to  tapoff  operation  occurs  as  the 
HGI  is  shut  down.  At  this  time,  the  UGI  pressure  decays  while  the  main 
chamber  pressure  is  rising,  thereby  creating  a  positive  driving  pressure 
for  the  tapoff  gases,  and  a  smooth  reversal  in  the  flow  direction.  There 
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Figure  49.  HOI  Oxidizer  Pressure  Regulator  Requirements 
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(C) 


TABLE  18 


HGI  OXIDIZER  PRESSURE  REGULATOR  DATA 


Time, 

secoud^ 

0 

p 

HGI 

V, 

HGI 

^0 

HGI 

AP 

Reg 

Relative 

Resistance 

1.05 

31.9 

37.5 

27.4 

0.418 

0.466 

29.6 

7.9 

36.4 

1.20 

33.2 

38.9 

28.4 

0.431 

0.482 

30.8 

8,1 

34.9 

1.40 

36.2 

43.3 

30.6 

0.467 

0.520 

33.4 

9.9 

36.6 

1.60 

41.8 

51.5 

34.6 

0,528 

0.588 

38.2 

13.3 

38.5 

2.00 

67.7 

86.0 

51.7 

0.788 

0.880 

59.7 

26.3 

34.0 

2.40 

136.6 

172.9 

89.1 

1.36 

1.52 

112.9 

60.0 

26.0 

2.60 

204.1 

256.8 

119.2 

1.82 

2.03 

161.6 

95.2 

25.1 

2.80 

305.9 

384.0 

157.7 

2.41 

2.69 

231.8 

152.2 

21.0 

3.00 

447.0 

528,0 

202.8 

3.09 

3.45 

324.9 

205.1 

17.1 

3.20 

613.3 

579.5 

248.9 

3.78 

4.22 

431.1 

148.4 

9.3 

3.40 

768.1 

7OV.8 

286.6 

4,34 

4 .86 

527.4 

180.4 

7.7 

3.50 

830.3 

767.8 

300.8 

4.55 

5.10 

565.6 

202.2 

7.8 
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ie  a  small  finite  time  (a  few  milliseconds)  wiien  both  HGI  and  topoff  gases 
are  flowing  to  the  turbines.  During  this  period,  the  turbine  inlet  tem¬ 
perature  takes  ft  eharp  drop.  This  results  from  the  fuel-rich  shutdown 
sequence  of  the  IIGI.  A  5D-milliflecond  hot-gas  igniter  oxidizer  valve 
closing  time  and  a  100-millisecond  hot-gas  igniter  fuel  valve  closing 
time  were  assumed  in  the  start  model.  Therefore,  there  is  a  period  of 
50  milliseconds  when  virtually  pure  fuel  is  being  mixed  with  the  I5OO  F 
tapoff  gases.  This  causes  the  turbine  inlet  temperature  to  drop  momen¬ 
tarily  to  roughly  1000  F.  Since  main  chamber  ignition  has  already  been 
accomplished,  the  only  effect  the  temperature  drop  might  have  is  on  the 
turbopump  speed  buildup.  However,  the  short  duration  of  the  transition 
and  the  inertia  of  the  turbopumps  minimize  the  effect  on  the  start  tran¬ 
sient,  and  other  system  effects  are  considered  more  significant  during 
this  period. 

(u)  No  effects  of  the  isolation  valve  resistance  w’ere  considered  in  the 
start  model.  This  is  equivalent  to  assuming  a  small  time  lag  in  the 
closing  time  of  this  valve  after  the  hot-gas  igniter  fuel  valve  is  closed, 
which  is  a  valid  and  realistic  assumption. 

(u)  The  start  model  transients  were  calculated  using  tapoff  gases  having 
gas  generator  properties.  Therefore,  the  temperature  drop  was  a  simple 
calculation  reflecting  the  effects  of  a  change  in  mixture  ratio.  However, 
if  a  new  start  transient  were  calculated  based  on  preheated  hydrogen  tapoff 
gas  properties,  the  temperature  drop  would  be  somewhat  less.  Because  of 
the  higher  specific  heat  of  the  tapoff  gases,  cooling  with  pure  hydrogen 
has  a  smaller  temperature  effect. 

(u)  No  provision  was  made  in  the  start  model  for  a  HGI  purge.  This  could 
extend  the  time  during  which  the  turbine  inlet  tempei’ature  is  depressed 
if  the  isolation  valve  is  left  open  and  the  purge  gases  are  exhausted 
through  the  turbine  drive  system. 
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(U)  Cycle  Trade  Study.  Eax'ly  in  the  contract  period, a  trade  atudy 
vas  conducted  to  re-evaluate  the  selection  between  tlie  two  low  turbine 
flow  cycles  (gas  generator  \s  tapoff). 


(u)  Schematics  for  these  two  cycles  are  8ho^m  in  Fig.  50-  The  tapoff 
cycle  utilizes  hot  gases  from  the  main  chamber  during  mainstage  to  drive 
the  turbines,  which  are  shown  in  a  parallel  arrangement.  (A  trade  study 
comparing  the  series  and  parallel  arrangements  is  presented  on  page  118). 
Engine  thrust  is  controlled  with  the  tapoff  throttle  valve  located  in  the 
main  tapoff  duct,  wliile  engine  mixture  ratio  control  is  accoi plisbod  with 
the  oxidizer  turbine  throttle  valve.  Main  chamber  ignition  is  achieved 
with  hot  gases  generated  during  the  start  transient  in  the  hot-gas  igniter. 
(See  page  155  Tor  the  ignition  system  study.)  Some  of  these  gases  are 
utilized  to  drive  the  turbine  until  main  chamber  tapoff  operation  can  be 
commenced . 


Figure  50.  Aerospike  Cycle  Comparison 
(c)  The  gas  generator  cycle  (Fig.  50a  )  utilizes  hot  gases  from  the  gas 
generator  to  drive  the  turbines  throughout  the  engine  operation.  Thus, 
control  is  accomplished  with  a  valve  in  the  gas  generator  liquid  fuel  line, 
while  engine  mixture  ratio  is  varied  with  an  oxidizer  turbine  hot-gas 
throttle  valve.  The  gas  generator  mixture  ratio  is  controlled  by  a  valve 
in  the  gas  generator  liquid  oxidizer  line.  A  hot-gas  ignition  system, 


basically  the  same  as  for  the  tapoff  cycle,  is  also  incorporated.  The  5:1 
throttling  reqiili eiiient  on  the  engine  requires  that  the  turbine  drive  gases 
be  throttled  greater  than  10:1.  This  design  goal  requires  either  addi¬ 
tional  gas  generator  development  or  employment  of  an  alternate  turbine 
bypass  at  the  throttled  condition.  Because  10:1  throttling  of  a  gas  gen¬ 
erator  would  not  be  demonstrated  during  Pliosc  1,  the  bypass  was  used  in 
the  tradeoff  study. 


(U)  Four  major  factors  were  considered:  (l)  performance,  (2)  weight,  (3) 
complexity,  and  (4)  development  problem  areas.  The  two  cycles  were  com¬ 
pared  at  a  common  chamber  pressure;  both  utilized  a  similar  hot-gas  igni¬ 
tion  system.  Because  the  exact  properties  of  tapoff  gases  had  not  yet 
been  demonstrated,  the  two  cycles  were  compared  using  similar  turbine  drive 
gases  with  properties  equal  to  those  of  the  gas  generator.  This  assumption 
tends  to  lower  the  specific  impulse  of  the  tapoff  cycle,  but  does  not  alter 
the  conclusion  of  the  study.  Except  for  the  turbine  drive  component  arrange¬ 
ment  and  control,  the  two  systems  are  identical,  and  therefore,  only  the 
effects  of  this  portion  of  the  system  had  to  be  studied. 

(C)  The  specific  impulse  of  the  tvo  systems  will  differ  only  if  the  secon¬ 
dary  flowrates  are  different.  These  are  a  direct  result  of  turbine  perform¬ 
ance  and  pump  horsepower  requirements.  The  fuel  pump  discharge  pressure 
for  a  gas  gerierator  eystem  will  be  slightly  higher  than  for  a  tapoff  system 
because  of  an  increased  coolant  pressure  drop,  thereby  raising  the  pump 
power  requirement.  A  higher  pressure  drop  is  required  because  the  fuel 
used  in  the  gae  gonerator  is  not  available  for  thrust  chamber  cooling. 
However,  this  effect  was  found  to  be  insignificant  because  the  increase 
in  fuel  pump  discharge  pressure  was  calculated  to  be  only  60  psia,  which 
reduces  specific  impulse  only  0.1  second  compared  to  the  tapoff  system. 

(c)  The  fuel  turbine  inlet  pressure  for  the  tapoff  syatem  is  determined 
by  the  main  chamber  pressure,  the  hot-gss  pressure  drop,  and  manufacturing 
tolerances.  For  the  ga.s  generator  system,  the  fuel  turbine  inlet  pressure 
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is  liwitou  by  the  oxygen  pump  discharge  pressure,  pressure  drops  in  the 
gas  generator  feedlincs  and  injector,  the  hoi-gas  pressure  drop,  and 
manufacturing  tolerances.  To  ensure  stable  gas  generator  operation  at 
the  throttled  level  using  a  fixed-area  injector  design,  a  large  gas  gen¬ 
erator  injector  pressure  drop  is  necessary  at  the  full-thmst  point.  This 
requirement,  together  vith  an  added  liquid  control  valve  pressure  lose, 
is  sufficient  to  bring  the  fuel  turbine  inlet  [treasure  for  the  gas  generator 
cycle  down  to  the  approximate  level  of  that  for  the  tapoff  system,  and 
thus,  no  dignifiennt  increase  in  turbine  pressure  r*/tio  can  be  achiev^ed. 

The  study  therefore  indicated  that  tin  full-thruoi  opecific  impulses  of 
the  two  systems  were  nearly  identical.  However,  at  the  throttled  condi¬ 
tion,  the  tapoff  system  specific  impulse  is  aignif leant ly  higher  than  the 
gas  generator  system.  This  results  from  the  throttling  requirements  on 
the  gas  generator.  Ten-to-one  throttling  of  the  turbine  flow  is  necessary 
to  meet  the  power  requirements  of  the  engine  at  ii(l-pcrceut  thrust;  however, 
only  5:1  throttling  of  a  gas  generator  wuo  considered  feasible  for  the 
Demonstrator  Module  at  this  time.  The  excess  gas  generator  flowrate  was 
then  bypaaaed  into  the  base  region,  witth  a  corresponding  specific  impulse 
reduction  of  5  4  seconds. 

(U)  The  weight  study  of  the  two  systems  found  the  two  to  he  quite  com¬ 
parable.  Most  of  the  componenta  are  practically  identical,  and  the  dif¬ 
ference  in  weight  lies  solely  in  the  ignition  and  turbin«?  drive  subaysteois. 
The  elimination  of  the  turbine  bypass  duct  and  control  valve  for  the  tap¬ 
off  system  amounted  to  a  small  weight  stiving  over  the  gas  generator. 

(c)  The  complexity  of  the  two  8y8tea.a  was  meaBured  in  tema  of  the  control 
requirements.  Here,  the  tapoff  cycle  offers  a  simple  sysl  etn  with  only  two 
aervocontrolled  valves,  the  tapoff  hot-gas  throttle  velve  and  the  oxidizer 
turbine  hot-gas  throttle  valve,  whex'eas  the  gas  geaeiator  cycle  requires 
four  servocontrol led  valvee,  two  in  the  gas  generator  liquid  lines  and  two 
in  the  turbine  hot-gas  system.  Another  small  disadvantage  to  the  gas 
generator  cycle  also  was  attributed  to  the  fact  that  the  engine  thrust 


control  was  nut  accompli shi-d  at  the  turbine  inlets,  but  upstream  of  the 
gas  generator  in  the  liquid  lines.  Thus,  the  guo  geiieiator  oscillations 
become  coupled  with  the  thrust  chamber  oscillations  and  impose  more  strin¬ 
gent  requirements  on  the  control  system. 

(U)  A  limited  evaluation  of  the  development  areas  required  for  each  ays- 
tem  was  conducted.  Control  of  the  tapoff  properties  for  turbine  drive 
gases  in  the  tapoff  cycle  will  require  extensive  testing,  and  the  tapoff 
port  design  will  have  to  sei’ve  a  dual  function  to  include  ignition.  This 
latter  consideration  was  felt  at  first  to  favor  the  gas  generator  cycle 
thrust  chamber  development;  however,  it  must  be  noted  that  the  gas  genera¬ 
tor  ignition  port  design  must  also  be  located  in  a  cool-tempcrature  region 
to  prevent  burning  out  the  ignition  ports  and  manifold  during  ma instage 
operation.  Therefore,  the  development  of  a  satisfactory  port  design  is 
roughly  the  same  for  eilher  system.  The  tapoff  property  control  develop¬ 
ment  in  the  tapoff  system  is  offset  in  the  gas  generntor  system  with  a 
gas  generator  throttling  development;  therefore,  the  area  of  development 
was  considered  a  standoff. 

(u)  On  the  basis  of  the  foregoing  factors,  the  tapoff  cycle  was  judged 
to  be  the  superior  cycle,  exhibiting  higher  overall  performance  and  lower 
weight  with  a  simpler  and  therefore  more  reliable  system, 

(c)  Turbine  Arrangement.  The  tradeoff  between  a  series  and  parallel 
turbine  arrangement  was  studied  because  of  the  potential  reduction  in 
turbine  flowrate  that  the  series  arrangement  offers.  A  more  detailed 
analysis  determined  that  the  series  arrangement  produced  a  higher  engine 
specific  impulse  (0.6  second  at  full  thrust);  however,  the  parallel 
arrangement  was  a  simpler  and  lighter  system.  These  latter  considerations 
are  discussed  in  more  detail  in  the  following  paragraphs. 

(U)  The  parallel  arrangement  offers  simplicity  in  packaging  because  the 
turbine  ir  let  lines  for  both  turbines  can  be  designed  small  in  size  as 


a  result  of  the  higli  density  of  the  gases  at  the  inlets.  The  scries 
arrangement,  on  the  other  hand,  requires  a  large-diameter  crossover  duct 
between  tlie  two  turbines  to  liandle  the  low-density  fuel  turbine  exhaust 
gas,  reducing  accessibility  to  the  other  components.  Fui’tljermore,  tliermal 
growth  ill  the  crossover  duct  imposes  side  loads  between  tlie  two  turbopuiups. 
Designs  to  accommodate  these  loads  would  entail  increased  structural  re¬ 
quirements  or  incorporation  of  undesirable  flexible  joints. 

(U)  Witji  the  requirement  of  tank  lie  ad  starts,  it  was  found  that  the 
series  turbine  arrangement  was  marginal  in  producing  sufficient  torque 
for  breakaway  which  was  estimated  to  be  between  15  to  50  in. -lb  for  each 
turbopump.  Hence,  extended  start  times  would  result  at  sea  level.  It 
therefore  is  necessary  to  design  a  fuel  turbine  bypass  for  the  start  tran¬ 
sient.  This  additional  ducting,  valve,  and  control  network  adds  weight 
and  complexity  to  the  series  design.  The  parallel  arrangement,  however, 
exhibits  completely  satisfactory'^  start  transients  without  any  additional 
turbine  drive  gas  start  controls  (see  the  Engine  Operation  section, 
page  75  ). 

(u)  The  final  results  of  the  study  therefore  led  to  the  conclusion  that 
the  simpler  control  system,  simpler  component  packaging,  and  lighter  weight 
of  the  parallel  arrangement  more  than  compensated  for  the  slightly  lower 
performance  of  this  system. 

(u)  Control  Point  Selection.  A  trade  study  to  determine  the  best  choice 
of  control  points  for  the  tapoff  cycle  was  conducted.  Control  concepts 
utilizing  multiple  controllers  for  one  function  (e.g.,  rough  thrust  con¬ 
trol  with  one  hot-gas  valve  and  trimming  with  two  liquid  line  valves) 
were  eliminated  because  of  the  adverse  effect  upon. system  reliability. 
Therefore ,  only  those  concepts  with  two-point  control  were  retained  for 
study  in  detail.  These  are  listed  below  with  the  numbers  in  parentheses 
corresponding  to  the  control  points  shown  schematically  in  Fig.  5I> 
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II.  FUEL  TURBINE  THROTTLE  VALVE  (HOT  GAS) 

2.  OXIDIZER  TURBINE  THROTTLE  VALVE  (HOT  GAS) 

3.  MAIN  FUFI  VALVE 

A,  main  OXIDIZER  VALVE 

S.  FUEL  PUMP  BYPASS  VALVE 

6.  OXIDIZER  PUMP  BYPASS  VALVE 

7.  TAPOFF  THROTTLE  VALVE  (HOT  GAS) 

8.  OXIDIZER  VARIABLE-AREA  CAVllATING  VENTURI 

9.  FUEL  VARIABLE-AREA  CAVITATING  VENTURI 

llWITHni  BMaMMMWMBWM—— 


Figure  51.  Candidate  Engine  Control  Points 
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1.  Fuel  turbine  and  oxidizer  turbine  throttle  valves  (l,  2) 

2.  Tapoff  and  oxidizer  turbine  throtile  valves  (2,  7} 

3.  Main  fuel  valve  and  main  oxidizer  valve  (3,  4) 

4.  Tvo  variable-area  cavitating  venturis  (8,  9) 

5.  Tapoff  throttle  valve  and  main  oxidizer  valve  (7, 

6.  Tapoff  throttle  valve  and  fuel  pump  bypass  valve  (7,  5) 

7.  Tapoff  throttle  valve  and  oxidizer  pump  bypass  valve  (7,  6) 

8.  Main  oxidizer  valve  and  fuel  pump  bypass  valve  (4,  5) 

9.  Main  fuel  valve  and  oxidizer  pump  byiiass  valve  (3,  6) 

(u)  The  fltudy  vas  pciformed  using  steady-state  operating  levcli  at  the 
extreme  points  of  the  operating  envelope.  Constant-temperature  tapoff 
gas  vas  assumed. 

(u)  The  effects  of  each  control  system  on  the  critical  engine  operating 
parameters  arc  summarized  in  Table  19.  Undesirable  levels  of  each  param¬ 
eter  are  sbovn  with  an  asterisk.  (Since  this  study  was  completed  early 
in  the  contract,  the  numbers  in  the  summai’y  table  do  not  agree  precisely 
with  the  latest  engine  balance;  however,  the  conclusions  of  the  study 
remain  valid.) 

(U)  The  systems  using  tvo  hot-gas  valves  have  lower  pump  discharge  pres¬ 
sures  or  lower  pump  flowrates  (or  both)  than  all  of  the  systems  using 
liquid  side  control.  Therefore,  the  hot-gas  control  systems  have  lower 
engine  weights  anC/or  higher  engine  specific  impulse, 

(c)  A  dynamic  analysis  of  control  system  response  favors  liquid  control 
over  the  hot-gas  systems.  Nevertheless,  the  hot-gas  system  response  was 
still  satisfactory  in  meeting  the  engine  requirements,  even  at  20-percent 
throttling.  However,  if  the  throttling  range  should  be  extended,  this 
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factor  lEuat  be  serioualy  reviewed.  Another  advantage  of  the  hot-gaa  con¬ 
trol  systesiB  is  that  they  can  be  used  to  control  pump  power  during  the 
start  and  shutdown  transients.  The  liquid-side  control  syateias  cannot 
be  used  for  these  applications  because  they  also  control  flow  to  the  thrust 
chaEnbers,  Therefore,  it  was  concluded  that  a  system  utilizing  hot-gas  con¬ 
trol  was  preferable  to  concepts  utilizing  liquid-side  control,  and  a  further 
study  between  the  series  or  parallel  hot-gas  valve  arrangement  was  made. 

(U)  The  series  arrangement  tends  to  separate  the  functions  of  each  valve. 
The  common  upstream  valve  is  used  for  thrust  control,  and  the  oxidizer 
turbine  valve  is  used  for  mixture  ratio  control.  This  seporation  of  func¬ 
tions  characteristic  of  system  2  will  simplify  development  of  the  engine 
system  because  it  will  be  possible  to  operate  the  engine  and  components 
with  one  valve  and  an  orifice  equivalent  of  the  other  valve.  This  charac¬ 
teristic  also  gives  this  system  the  potential  for  open-loop  operation 
(valve  position  control  only),  and  provides  a  measure  of  safety  since  the 
failure  of  one  valve  does  not  destroy  the  functional  effectiveness  of  the 
other.  The  parallel  arrangement  will  give  greater  start  transient  control 
versatility;  however,  satisfactory  start  characteristics  for  the  series 
arrangement  are  predicted. 

(U)  Furthermore,  a  unique  design  incorporating  the  tapoff  valve  (poppet 
type)  of  system  2  into  a  Y  in  the  tapoff  ducting  provides  design  advantages 
for  this  system  over  system  i,  and  the  control  characteristics  of  such  a 
valve  will  he  superior  to  that  of  a  conventional  poppet  valve, 

(u)  The  conclusion  of  this  study  was  that  hot-gas  valves  arranged  in  series 
(system  2)  should  be  selected  because  of  control  flexibility,  superior 
design  features,  and  safety  advantages. 
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(u)  Control  Logic.  After  selecting  the  system  control  points,  the 
control  logic  for  the  Demonstrator  Module  was  investigated.  The  tv'o  candi¬ 
dates  considered  vere  open-loop  thrust  and  mixture  ratio  control,  and 
closed-loop  thrust  and  mixture  ratio  control.  Both  systems  were  tUitly+ically 
designed  to  meet  the  specific  requirements  for  the  thrust  and  mixture  ratio 
controls.  The  closed-loop  system  vas  selected  because  of  its  superior  control 
characteristics.  Hybrid  systems  (such  as  open— loop  thrust  and  closed-loop 
mixture  ratio  control)  vere  eliminated  from  consideration  for  the  same 
reasons  presented  for  the  pure  op«»n-loop  system. 

(u)  The  closed-loop  system  has  a  separate  control  loop  for  each  valve. 

The  tapoff  valve  loop  is  closed  on  chamber  pressure  (the  selection  of  which 
is  discussed  on  page  nnd  the  oxidizer  turbine  valve  loop  is  closed  on 

engine  mixture  ratio.  Interior  closed  loops  on  valve  position  are  also 
utilized, 

(U)  The  open-loop  system  functions  upon  a  valve  position  consnand  and  incor¬ 
porates  interior  closed  loops  on  valve  position  together  with  function  gen¬ 
erators  relating  the  tvo  valve  positions.  The  function  generators  are 
necessary  to  protect  the  engine  since  throttling  of  one  valve  leads  to  an 
undesirable  operating  region  unless  the  other  valve  is  also  repositioned. 

(u)  The  closed-loop  system  exhibits  much  greater  versatility  than  the  open- 
loop  system.  Extensions  in  either  thrust  or  mixture  ratio  range  are  possible 

with  the  closed-loop  system  with  recalibration  of  the  system,  and  components 
can  be  replaced  in  the  engine  system  without  system  recalibration.  Further¬ 
more,  programming  of  the  closed-loop  system  for  test  purposes  will  be 
simplified  because  the  path  followed  between  two  operating  points  will  more 
closely  follow  a  predictable  straight  line.  The  closed-loop  system  can  be 
run  in  the  open-loop  mode,  while  the  open-loop  system  cannot  be  run  in  the 
closed-loop  mode. 
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(c)  Thfl  requirements  for  engine  self-protection  also  create  doubt  that 
an  open-loop  system  may  be  simpler  than  a  closed-loop  system.  Safety  for 
either  control  scheme  cannot  be  implemented  by  the  location  of  fixed 
mechanical  stops  on  the  hot-gas  valves  since  mechanical  stops  on  the  tap- 
off  throttle  valve  limit  the  use  of  this  valve  during  start  and  shutdoim, 
and  mechanical  stops  on  the  oxidizer  turbine  throttle  valve  will  not  allow 
full  traverse  at  nominal  thrust  or  will  allow  burnout  and  flameout  at  20- 
percent  thrust.  Both  systems  are  therefore  dependent  upon  signal  limiting 
and  upon  reliable  feedback  signal  maintenance  to  ensure  that  the  engine 
is  operating  at  a  desirable  point.  This  is  accomplished  automatically 
with  the  closed-loop  system  and  by  function  generators  in  the  open-loop 
system.  However,  the  dynamics  of  the  engine  cause  a  problem  with  the 
open-loop  system  when  traversing  from  point  to  point.  This  can  be  seen 
in  Fig.  52.  In  the  traverse  from  20-p3rcent  thrust  and  mixture  ratio  of 
7  to  50-percent  thrust  and  mixture  ratio  of  7,  a  dynamic  excursion  of  mix¬ 
ture  ratio  to  8.5  is  observed.  This  results  from  the  ability  of  the  oxi¬ 
dizer  turbopump  system  to  accelerate  more  rapidly  than  the  fuel  system. 


Figure  52.  Dynamic  Performance  Path  for  an  Open-Loop  Control  System 
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(C)  The  additional  compouenta  to  solve  thie  problem  vill  either  make  the 
open-loop  system  more  complex  than  the  closed-loop  system  or  require  pro¬ 
gramming  at  slower  than  the  5~second  maximum  excursion  rate. 

(h)  Furthermore,  the  accuracy  of  the  closed-loop  system  will  be  much  better 
than  that  of  the  open  loop  because  it  is  not  dependent  as  much  upon  com¬ 
ponent  calibrations  and  engine  calibrations. 

(U)  Therefore,  the  closed-loop  system  was  selected  for  the  Demonstrator 
Module. 


(u)  Operating  Envelope-  The  upper  thrust  level  definition  of  the 
engine  operating  envelope  was  fixed  at  a  constant  thrust  during  the  Phase 
I  proposal;  however,  subsequent  analysis  suggested  that  other  criteria  may 
possibly  lead  to  engirt  and  vehicle  advantages.  Therefore,  a  study  was 
made  comparing  a  constant-thrust  mixture  ratio  excursion  against  a  maximum 
pump  speed  limitation  and  against  a  constant-chamber-pressure  mixture  ratio 
excursion. 


(U)  Each  of  the  different  candidates  defines  a  different  maximuaj  thrust 
vs  mixture  ratio  variation  resulting  in  different  pump  speeds.  The  three 
candidates  are  shown  graphically  in  Fig.J?  t  wliich  shows  the  trends  of 
these  parameters  with  mixture  ratio.  Table 20  summarizes  the  characteris¬ 


tics  of  each  method. 


TABLE  20 


( C )  TllROST  VS  MIXTURE  RATIO  COMPARISON 


Consideration 

Constant  F 

Constant  P 
_  c 

Maximum 

Pump  Speed 

Specific  Impulse,  A  seconds 

Engine  Weight,  pounds 

Engine  Versatility 

Maximum  Fuel  Pump  Speed  (MEI=5),  rpm 
Maximum  LOp  Pump  Speed  (MR.-7),  rpm 
Thrustygj,  (MH=5),  pounds 

Thrustgj^  (MR=5),  pounds 

System  Complexity 

0.1 

+30 

Excellent 

38,900 

25,330 

25OK 

208K 

Greater 

tlian 

constant  P 

c 

<0.1 

<30 

Excellent 

38,300 

25,700 

244K 

203K 

Simplest 

— 

0 

0 

Good 

36,000 

25,000 

244K 

186k 

Greater  than 
constant  P 

c 
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Figure  53.  Operating  Enreldpe  Comparisons 
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(c)  The  constant-thruat  ci'itcrion  is  slightly  more  complicated  thaa  the 
other  two  because  the  control  system  does  not  sense  thrust  directly.  The 
constant-pump-apced  criterion  eases  the  turbopump  design  requirements 
but  has  the  disadvantage  of  a  26,000-potind  reduction  in  thrust  at  a  mix¬ 
ture  ratio  of  5:1.  The  constant-chamber-pressure  criterion  is  easier  to 
control,  and  only  a  small  decrease  in  thrust  (4000  pounds)  occurs  at  a 
mixture  ratio  of  5:1.  At  the  throttled  condition  (P^  =  325  psia),  the 
variation  in  vacuum  thrust  for  the  constant-chamber-pressure  method  is 
even  less  pronounced  with  a  decrease  of  1050  pounds  at  5:1  and  an  increase 
of  850  pounds  at  7:1. 

(c)  A  comparison  of  the  constant-thrust  and  constant-chamber-pressure 
methods  was  made  in  the  applications  study  to  determine  the  control  method 
effect  upon  the  optimum  vehicle  mixture  ratio.  This  comparison  is  shown 
in  Fig.  54  for  a  typical  application,  an  expendable  first-stage  engine. 
The  comparison  showed  the  conatant-chamber-pressure  method  to  have 
approximately  equal  maximum  index,  but  more  importantly,  the  optimum 
mixture  ratio  shifted  to  a  higher  value.  This  shift  is  faborable  with 
regard  to  vehicle  propellant  tank  construction  costs  since  it  will  result 
in  a  smaller  fuel  tank. 


HdTUKC  KATIO 


Figure  54, 


Comparison  of  Effect  of  Mixture  Ratio  on  Performance  Index 


Similar  trends  vere  found  for  all  six  vehicle  etpplicatiouB  studied  during 
Phase  I.  It  vas  therefore  decided  to  operate  the  Demonstrator  Module 
closed  loop  on  chamber  pressure. 


(u)  Ignition  Systems.  While  no  tradeoff  study  of  alternative  igni¬ 
tion  systems  vas  made  specifically  for  the  tapoff  cycle,  several  differ¬ 
ent  candidates  vere  re-evaluated  in  conjunction  vith  the  tapoff/ges 
generator  cycle  coiqpariBun.  This  study  conqiared  thj  hot-gas  source  vith 
hypergolic,  propellant  additive,  spark  igniter,  and  catalytic  systems. 

(u)  The  hot-gas  source  ignition  system  utilized  for  the  gas  generator  cycle 
is  identical  to  the  system  used  for  the  tapoff  cycle.  This  has  been  described 
on  page  152 • 

(U)  The  hypergolic  ignition  system  utilizes  a  third  propellant,  vhich  is 
hypergolic  vith  liquid  hydrogen, as  a  lead  in  the  oxidizer  system  during 
start.  Separate  liypergol  cartridges  vith  explosive  valves  are  provided 
for  each  start.  Hypergols  considered  vere  chlorine  trifluoride  (CIF^), 
Compound  A,  a  mixture  of  Conpund  A  and  trifluoride,  and  fluorine. 

(U)  The  propellant  additive  ignition  system  utilizes  an  additive  injected 
into  the  oxidizer  propellant  during  the  start  sequence  vfaich  makes  it  hyper¬ 
golic  vith  the  fuel.  The  main  difference  between  an  additive  and  a  hypergol 
is  the  manner  of  injection.  The  additive  becomes  integral  vith  the  oxidizer 
propellant,  while  the  hypergol  slug  is  used  as  a  propellant  lead.  The  ad¬ 
ditive  system  would  utilize  a  start  tank  vith  a  metering  control  valve  at 
the  pump  inlet. 

(u)  Tve  possible  spark  ignition  systems  were  considered.  The  first  vus 
simply  a  series  of  spark  plugs,  mounted  around  the  chamber  at  or  near  the 
injector  face,  which  ignite  the  main  propellants  directly.  The  second  was 
a  multiple  augmented  spark  ignition  system  (ASI)  which  utilizes  plugs 
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rccesaed  in  the  combustion  zone  with  their  own  propellant  feed  independent 
of  the  main  chamber.  Each  ASI  unit  produces  a  small  hot— gas  source  wliich 
in  turn  ignites  the  main  propellants.  The  ASI  system  has  a  higher  ignition 
energy  than  individual  spark  plugs,  and  fewer  units  would  therefore  be 
required. 

(U)  The  catalytic  ignition  technique  makes  use  of  an  and  0^  reaction, 
promoted  by  a  catalytic  surface,  which  gives  off  hot  gases.  The  gases  are 
used  to  ignite  the  mam  propellants.  The  catalyst  is  chemically  unaltered 
during  the  reaction  and  resists  degradation  due  to  thermal  effects.  Indi¬ 
vidual  catalytic  packs  would  be  required  at  several  points  around  the 
chamber,  and  separate  propellant  feed  systems  would  be  necessary  for  each 
pack. 

(C)  In  the  preparation  for  Phase  1,  these  candidate  ignition  concepts  were 
studied  and  the  centi'al  igniter  hot-gas  source  was  selected  as  the. most 
promising.  This  system  offered  many  desirable  attributes  including  low 
weight,  rapid  start,  unlimited  restart  capability,  uniform  ignition,  and 
high  reliability.  Its  biggest  drawback  was  the  lack  of  experience  associ¬ 
ated  with  hot-gas  ignition,  A  feasibility  test  study  vss  conducted  on.  a 
related  program  to  demonstrate  hot-gas  ignition.  Results  of  the  test  series 
were  encouraging,  and  satisfactory  segment  ignition  was  demonstarted  with 
hot-gas  temperatures  as  low  as  1400  F  and  ignition  delays  below  40  milli¬ 
seconds.  Teat  ignition  pressures  ranged  between  118  and  105  psia  %;hicli 
are  comparable  to  the  design  chamber  ignition  pressure  of  100  to  I50  p.sia, 

(u)  All  alternate  systems  exhibit  slower  starts  than  the  central  hot-gHs 
igniter  system  because  the  turbopump  buildup  rate  is  dependent  upon  tfie 
main  chamber  pressure  buildup  rate.  Proviaicn  for  an  alternatv!  turbine 
spin  gas  source  was  considered  but  it  would  have  added  ar.  unduly  Inrge 
weight  and  complexity  penalty. 

(c)  Of  the  four  hypergolic  ignition  oysten  candidates,  goeco’if  fluorine 
injection  into  the  combustor  proved  to  be  the  .votJt  detsirabie.  The  major 
problem  with  tli»>  CIF^  and  Compound  A  systeras  is  tho  envi ronuieuta  1  tcc.  jora- 
ture  control.  CIF^  will  freeze  at  -105  F  and  Compound  A  at 
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probably  necessitating  temperature  control  through  use  of  heaters.  Further 
undesirable  features  of  each  of  the  four  hypcrgolic  ignition  systems  are 
the  additional  storage  space,  feedlinea,  and  controls  required. 

(c)  The  propellant  additive  system  is  most  attractive  when  a  single  start 
tank  is  used  rather  than  separate  cartridges  to  provide  accurate  metering 
of  the  additive.  Of  the  additive  candidates,  only  ozone  difluoride  meets 
the  performance  requirements.  However,  ozone  difluoridc  is  not  considered 
feasible  because  of  its  stability  characteristics.  Ozone  difluoride  freezes 
at  liN,j  temperatures,  and  decomposes  rapidly  above  LO^  temperatures,  pre¬ 
senting  only  a  narrow  band  for  stability.  In  addition,  ozone  difluoride 
is  subject  to  deionriticn  and  would  present  an  unsafe  condition  should  it 
become  isolated  in  an  LO,^  start  systeai.  Therefore,  this  additive  system 
was  eliminated  because  it  requires  more  stringent  control  than  the  hyper- 
go  lie  system  without  offering  any  advantages. 


(C)  The  direct  spark  igniter  system  was  considered  and  found  to  be  imprac- 
tioai  because  of  the  eitremely  small  energy  source.  This  would  mean  many 
spork  plugs  would  be  mounted  in  the  main  chomber  compartments,  requiring 
tioltiple  sets  of  electrical  hernesii  and  exciter  equipment.  The  complexity 
of  to^etlicr  with  oparl:  location  deBign  and  development  prob¬ 

lems  and  probable  high  weight  were  udditioual  negative  factors. 


(U)  The  multiple  augmented  spark  igniftei  system  mounted  in  the  i:naia  cham¬ 
ber  showed  little  i.mprovemsnt  ove»'  the  dii’ect.  spark  igniter  system.  The 
hot  gases  it  generates  provide  a  higher  energy  source,  thereby  reducing 
the  nucSser  of  spark  locations?  rewnired,  but  each  ASI  imit  is  more  cora- 
plic.ated  than  the  siiaple  plug.  It  novertkeloss  is  preferred  over  simple 
spark  plugs  because  it  produces  smoother,  reore  rupeatable  starts.  How¬ 
ever,  the  high  weight,  electrical  cowplexi.ty,  and  chamber  design  problems 
for  this  cystci:!  rcotrict  its  application. 


(l))  The  catalyst  ignition  systems  were  analyzed  from  both  the  adoptability 
and  the  state-of-the-art  standpoint.  The  incorporation  of  this  design  into 
a  toroidal  chamber  is  extremely  complicated  and  the  state  of  the  art  was 
uov  considered  adequate  for  this  application. 

(U)  The  results  cf  the  study  therefore  led  to  the  conclusion  that  the 
hot-gas  source  ignition  system  was  the  best  for  either  a  tapoff  or  gas 
generator  cycle  acrospike  engine. 


System  Preliminai'y  Design 

(u)  The  Demonstrator  Module  design  is  based  upon  the  requirement  to  design, 
fabricate,  and  test  a  full-scale,  high-performance  LO^/Ulg  engine  at  250K 
thrust  and  over  the  operating  range  anticipated  for  a  Flighi  Engine.  Spe¬ 
cific  demonstration  and  design  requirements  are  presented  in  Table  9 
(page  62).  The  system  and  component  designs  duplicate  the  Flight  Module 
configuration  as  closely  as  practicable  within  the  constraints  of  cost, 
schedule,  safety,  and  development  test  flexibility.  However,  none  of  the 
deviations  from  the  Flight  Module  conf iguration  affect  the  technical 
integrity  of  the  concept  demonstration. 

(IJ,1  The  mechanical  design  is  divided  functionally  into  four  subsystems: 

(l)  thrust,  (2)  propellant  feed,  (3)  turbine  drive,  and  (4)  hot-gas  igni¬ 
tion.  These  are  shown  schematically  in  Fig.  55.  Organization  into  the 
subsystems  facilitates  the  system  engineering  concept  by  providing  overall 
control  of  the  technical  logic  process,  by  promoting  function  identification, 
by  defining  function  grouping,  and  by  allocation  of  requirements  for  engine 
system  and  component  design,  analysis,  evaluation,  and  test.  The  integrated 
system  is  shown  in  Fig.  55  and  the  individual  subsystem  considerations  are 
discussed  below. 
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DEMONSTRATOR  MODULE  SCHEMATIC 
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©-THRUST  SUBSYSTEM 


Figure 55A,  System  «nd  Subeystea  Schematic 
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(u)  Thruat  Subaystem.  The  function  of  the  thrust  subsystem  is  to  develop 
and  transmit  the  thrust  of  the  engine  system  to  the  gimbal  point,  to  pro¬ 
vide  siructural  and  mounting  support  for  the  engine  components,  and  to 
provide  hot  gases  to  drive  the  turbines. 

(U)  Description  and  Analysis.  The  design  renni remcnts  for  the  thrust 
subsystem  are  defined  by  the  overall  engine  performance  requirements  and 
the  interface  relationships  with  other  subystems. 

(19  The  Demonstrator  Module  thrust  subsystem  (Fig.  ,56  )  is  composed  of 
the  following  components:  a  thrust  chamber,  a  base  closure,  a  thrust 
structure,  and  pump  mounts.  The  thrust  structure  is  assembled  to  the 
thrust  chamber  at  40  points  located  in  the  plane  of  the  40  subsonic 
struts,  thereby  providing  a  load  path  from  the  enter  to  the  inner  body. 

The  thrust  is  then  transmi  tted  through  the  thrust  structure  to  the  g->m- 

bal  point  which  is  located  in  the  plane  of  the  maximum  djLamet.er\i  ther.e^ _ 

making  the  dynamic  envelope  equal  to  the  static  envelope.  Ttie  thrust 
chamber  is  described  in  dei.ail  in  a  separate-  section,  page  I60. 

(c)  The  perforated  base  closure  used  with  aerospike  thrust  chambers  pro¬ 
vides  the  means  for  introduction  and  distribution  of  turbine  exhaust  gases 
into  the  inner-body'  base  region  to  increase  base  thrust..  The  basic  design 
approach  consists  of  mounting  the  base  closure  assembly  rigidly  to  the 
turbopump  exhaust  flanges  with  a  flexible  coupling  between  the  closure 
and  the  nozale  fuel  inlet  manifold  capable  of  accepting  thermally  induced 
differential  expansions  and  providing  torsional  restraint  for  lateral  pump 
support.  The  tliruat  loab  of  the  closure  is  transmitted  directly  through 
the  pump  casings  into  the  thrust  structure.  A  minor  axis  dimension  of 
6,00  i.nchcs  was  determined  to  provide  a  minimum  weight  compatible  with 
enveli>pe  conoi.deratious.  The  aft  surface  of  the  closure  extends  5-00 
inches  below  the  chamber  exit  plane;  however,  this  additional  height  does 
not  affect  the  gimbal  excursion,  while  the  weighs  and  internal  flow  advan¬ 
tages  offset  the  increased  height.  Turbine  exhaust  ducts  are  required 
between  the  turbopumps  and  the  closure  utilizing  bolted  flange  couplings. 
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Figure 5'SB.  Thrust  System  Livvout 


(u)  An  internal  bolting  arrangement  on  the  base  closure  flange  is  used  vith 
access  for  insertion  of  the  bolts  provided  by  holes  in  the  perfora>;ed  aft 
shell.  Cone-shpaed  orifice  plates  are  utilized  at  the  inlet  to  the  base 
closure  from  each  turbine  to  distribute  gas  flow  within  the  closure  as 
well  as  reducing  the  fuel  and  oxidizer  turbine  exhaust  discliarge  pressure 
from  70  and  40  psia  respectively,  to  the  nomiual  50-psia  closure  internal 
pressure.  A  flexible  coupling,  consistin4  of  a  laminate  of  Inconel  625 
sheet  steel  with  a  total  thickness  of  0.020  inch,  is  provided  for  seal¬ 
ing  the  closure  to  the  nozzle  and  to  provide  the  aft  stabilizing  support 
for  the  turbopump  system. 

(U)  The  thrust  structure  (Fig.  57)  is  a  truss-ring-beam-hub  structure 
which  attaches  to  the  inner  periphery  of  the  thrust  chamber.  It  is  de¬ 
signed  with  an  open  radial  beam  structure  to  allow  accessibility  for 
maintenance  and  inspection.  The  center  radial  beam  thrust  mount  can  be 
removed  easily  from  the  truss-ring  and  lifted  out  (with  the  pumps,  valves, 
ducting,  and  hot-gas  igniter  attached)  by  removing  six  bolts  at  the  ring- 
beam  interface.  The  turbine  exhaust,  ducts,  and  Uflg,  L02>  hot-gas 
ducts  will  be  disconnected  before  the  assembly  is  removed.  The  truss 
cone  and  ring  assembly  is  not  removable  from  the  thrust  chamber. 


Figure  57*  Aeroapike  Engine  Thrust  Load  Diagram 
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(u)  A  graphic  representation  of  the  thrust  structure  load  distribution 
is  also  shovn  in  Fig.  57.  All  engine  thrust  loads  are  transmitted  through 
the  combination  truss-ring  and  radial  bean  thrust  mount  to  a  single,  sim¬ 
ulated  gimbal  block  located  sn  the  engine's  longitudinal  ajcls.  The  turust 
cone  truss  is  attached  to  the  chamber  inner  body  at  40  attach  points,  and 
transmits  the  thrust  load  (in  tension)  to  the  circular  ring  which,  in  turn, 
transmits  the  load  into  the  radial  beams  through  a  combination  of  betiding, 
ring  toraioD,  and  hoop  loading.  The  six  symnetrically  spaced  radial  beams 
transmit  the  thrust  load,  in  shear  and  bending,  to  the  centrally  located 
hub. 

(U)  The  design  is  not  deflection  limited,  and  stress  levels  are  within 
nonnal  design  safety  factors.  The  thrust  structure  beams  are  designed 
to  withstand  a  maximum  bending  moment  as  a  cantilever  beam.  The  entire 
thrust  load  is  carried  in  bearing  through  the  shelf  at  the  six  clevis 
fittings  (Fig. 56  )•  The  I/2- inch-diameter  shear  bolt  is  sized  to  take 
the  thrust  chamber  weight  multiplied  by  a  ground-handling  load  factor 
of  .10  g. 

(U)  The  thrust  structure  is  fabricated  from  6A14V  titanium.  The  thrust 
beam  and  hub  assembly  is  machined  from  hand-forged  billets.  The  torus 
ring  utilizes  seam-welded  tubing  made  from  strip  sheet  stock  and  the  T 
ring  is  a  contour  roll  forged  ring.  The  aix  beam  attach  fittings  that 
assemble  to  the  torus  rii>g  are  made  from  titanium  bar  stock  or  small  baud 
forgings.  The  80  tension  tubes  that  form  the  truss  structure  are  welded 
assemblies  isade  of  bar  stock  or  forged  fittings  welded  to  seamless  tubing. 

(U)  Ti'unnion-type  mounts  were  selected  for  atlAcbicg  both  turbopumps  to 
the  thrust  structure.  In  this  design,  the  fuel  turbopump  is  provided 
structural  support  from  the  thrust  structure  at  the  fuel  discharge  flange 
(Section  C-C,  Fig.  56  )  and  by  a  structural  pad  and  fitting  (Section  D-I>) 
on  the  fuel  volute  oppoaite  the  discharge  flange.  To  accomplish  this, 
fittings  with  spherical  surfacea  permitting  angular  misalignment  are 
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iacorporated  on  the  centerliuefi  of  the  radial  beams  adjacent  to  the  pump. 

The  fitting  at  the  flange  proyides  a  lis:ed  point  of  support,  and  the 
opposite  fitting  is  fixed  in  two  directions  allowing  motion  in  a  radial 
direction  from  the  pump  centerline  through  the  fitting.  A  third  support 
point  is  provided  by  the  turbine  exhaust  duct,  base  closure,  and  the  pump 
shell  to  prevent  motion  of  the  pump  about  tl.e  axis  found  by  the  two  fittings 
on  the  thrust  atructure.  The  trunnion  design  for  the  oxidizer  pump  pro¬ 
vides  structural  support  at  ttfo  structural  pads?  end  fittings  180  degrees 
apart  on  the  volute  in  the  manner  show  in  Fig.  56.  The  oiher  aspects  of 
the  osidiKcr  pump  mounts  are  identical  to  those  of  the  fuel  pump.  In  addi¬ 
tion  to  the  turbopump  loads,  the  turbopamp  mounts  transmit  the  base  closure 
thrust  loads  to  tbc  thrust  stiuctare. 


iU)  Alteratives  Studied.  A  detailed  trade  study  was  conducted  to 
establish  the  optimvim  thrust  structure  configuration,  and  an  alternate 
pump  ffiotmting  design  was  considered.  These  two  studies  are  presented 
below, 

(u)  A  thrust  structure  trade  study  was  made  to  evaluate  the  weight, 
assembly,  and  accessibility  aspects  of  this  component  assembly.  Twenty 
live  basic  concepts  were  evaluated  in  three  basic  categories  using  the 
module  gimbal  point  as  a  means  of  classification.  These  categories  were: 

(1)  designs  vitSj  the  giwbal  point  at  tne  elevation  of  the  injector  face. 

(2)  variations  of  category  1  designs  but  locating  the  gimbal  point  5 
iiioheB  above  ib®  inje-ctor  face,  and  (3}  designs  for  £  gimbcil  point  located 
at  the  maximum  elevation  of  24  inches.  Because  of  volume  re(\uireiaents  for 
componeuts  within  the  thrust  chamber  inner-body  cavity,  structure  designs 
werf  limited  to  an  envelope  extending  less  than  13  inches  below  the  in¬ 
jector  face.  The  upper  limit  was  established  by  dynamic  envelope  and 
engine  length  requirements  from:  module  application  considerations.  Out 

of  the  25  concepts,  four  candidates  (Fig.  58)  were  selected  for  more  ex¬ 
tensive  evaluation  piepnratoiy  to  the  final  selection.  Figure  39  shows 
the  plot  of  weight  vs  height  for  Iho  truss  configuration  and  is  the  sane 
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in  general  tox  the  bcKiis,  Figure  60  shows  the  diinenbional  geometiy  of 
the  wedule  i-elnt-ed  tii  avaiinble  apace  for  the  thrust  Buructure.  A  plot 
of  the  piodule  dynamic  envelope  radius  ve  giiabbl  point  elevation  is  shown 
An  Fi.g.  6l  foi  the  7-degvet'  Oirculor  giinbal  putti'iti. 

(u)  These  four  remaining  candidate  thniat  stmcturcs  vert  subjected  to 
deeper  naelysis.  The  final  design  selection  is  a  modification  of  concept 
r.  The  major  factors  in  the  selection  of  the  final  sti-ucture  were  weight, 
the  size  of  the  nodule  static  end  dynauxe  envelopes,  the-  structural  cen- 
sidex'a lions  at  the  thniet  chember  interface,  component  mouutiiig  and  space 
considerations,  manufacturing,  nea'.i.:iy,  and  accessibility.  Table  21  pre¬ 
sents  the  evaluation  of  the  four  candidates  in  terns  of  the  above  factors. 

As  indicated  in  Table  21  ,  thrust  chamber  weight  and  thrust  structure  weight 
for  the  selected  structure  were  rated  h  and  5»  reopectively.  Through  the 
txnxso  cone  arrangement  of  configuration  F,  ^lO  points  of  attachment  to  the 
thrust  chamber  are  mudi);  possible,  thus  providing  excellent  load  distribu¬ 
tion  to  the  thrust  structure.  Configuration  F,  though  somewhat  lower  in 
structural  efficiency  than  the  truss  arrangement  of  configuration  R,  is 
more  efficient  than  configurations  C  and  Q  because  of  the  tension-type 
structure  shortened  beam  span.  Relative  ratings  were  assigned  to 
each  candidate  on  a  numerical  basis  of  1  through  4  with  higher  numbers 
indicating  better  ratings. 

(U)  The  module  static  and  dynamic  envelope  with  the  selected  structure 
is  rated  4.  Through  this  structural  arrangement,  a  minimum  module  length 
is  achieved  and  the  dynamic  envelope  is  no  greater  than  the  static  envelope. 
Nodule  length  and  dynamic  envelnnes  are  greater  with  the  ether  candidates. 

(b)  The  structure  interface  with  the  thrust  chamber  rates  (4)  for  the 
selected  candidate  by  providing  a  more  uniform  load  distribution  through 
40  attach  points  as  compared  to  6  att^icb  points  with  the  other  candidates. 

(u)  Facility  for  component  mounting  is  ci^vially  provided  for  by  the  candi¬ 
date  and  the  shallow  beam  structure  (configuration  C),  based  upon  access 
to  the  structure  for  this  purpose  and  space  vitbiu  the  module  envelope 
for  the  components. 


143 


Figure  60.  Gimbal  Height  and  Thrust  Structure 
Space  limitation  Diagram 
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Figure  61,  Increase  iA  Dynamic  Envelope  Requirement  With  Gimbal 

Center  Elevation  ALove  Position  Where  R  ,  R, 

static  dynamic 


(u)  Configuration  F  ia  rated  3  for  manufacturing  simplicity,  while  the 
simple  beams  of  configurations  C  and  Q  arc  both  rated  4.  The  pure  truss 
arrangement  of  configuration  11  is  the  most  complex  and  is  rated  1.  Access 
and  aBsembly  of  configiirations  F  and  C  ore  both  rated  4.  The  volume  ac¬ 
cessible  from  the  rim  of  the  thrust  chamber  caused  by  the  low  profile  of 
the  thrust  structure  is  substantial,  wliilc  the  deep  structures  used  in 
configurations  Q  and  it  tend  to  impair  accessibility. 

(U)  In  conclusion,  the  configuration  F  type  was  selected.  This  structure 
consi-sts  of  SIX  radial  beams,  a  torus  ring,  and  truss  cone  arrangement 
(Fig. 56  ).  The  features  that  mark  the  principal  difference  between  the 
selected  structure  and  that  originally  proposed  for  the  demonstrator  module 
are  the  thrust  cone  wliich  is  replaced  by  a  ueries  of  individual  truss  mem¬ 
bers,  the  weldment  of  the  truss  members  to  the  torus  ring  and  thrust  chamber, 
and  the  radial  beam  arrangement.  The  radial  beams  and  hub  are  a  removable 
assembly  b;  virtue  of  mechcnical  Joints  between  the  radial  beam  ends  and 
the  torus  ring.  The  beams  are  of  continuous  shear  web  and  cap  construction 
tapering  to  bolted  fittings  at  the  torus  ring.  The  preliminary  layout  iras 
completed  with  the  arrangement  of  truss  members  between  the  torus  ring  and 
the  thrust  chamber.  They  lie  in  a  conical  plane  .joined  tc  the  torus  with 
veld  fittings.  This  assembly  in  turn  is  welded  to  the  periphery’  of  the 
thrust  chamber  inner  body.  The  material  throughout  is  6ALi^»V  titaiiiiun  for 
light  weight  and  weld  compatibility.  Preliminary  results  of  the  thtimal 
analysis  show  a  0.070-inch  thermal  contraction  of  the  thrust  chamber  struc¬ 
ture  at  start  from  introducing  Uf.j  into  the  regenerative  cooling  circuit 
prior  to  main  chamber  ignition.  This  contraction  ic  accottimodated  by  the 
thrust  structure  by  deflection  of  the  truss  cone  arrangement  and  is  min iraiaed 
by  location  of  the  atteehment  tu  the  ihruat  chamber. 

(U)  Two  turbopump  mounting  concepts  were  studied.  The  first,  for  both 
fuel  and  oxidizer  pumps,  features  adjustability  in  the  X,  Y,  and  Z  planes 
provided  by  a  yoke  fitting  and  a  stabilizing  rod  shown  in  Fig,  62.  Attach¬ 
ment  to  the  turbopump  is  made  throiigh  four  clevis  fittings  machined  on  the 
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pump  Bbell.  Adjustment  in  two  of  the  planes  is  accomplished  by  the  serrated 
plate  and  stabilizing  rod,  allowing  the  turbopump  to  be  rotated  about  the 
pinnei  clevis  by  the  stabilizing  rod  and  adjusted  radially  by  positioning 
the  serrated  plate.  Adjustment  in  the  vertical  plane  is  accomplished  by 
use  of  the  removable  shims. 

(Vi)  The  second  concept  was  the  trunnion-type  mount  described  on  page  139. 
The  trunnion-iype  mount  was  selected  because  of  the  more  efficient,  bolted- 
type  pad  connection  to  the  turbopuDip,  the  b  vter  section  characteristics  of 
the  trunnion  fitting,  and  manufacturing  simplicity. 


Propellant  Feed  Sybeystem. 

(u)  Description  and  Analysis.  The  Demonstrator  Module  propellant 
feed  subsystem  consists  of  the  following  components;  (l)  oxidizer  and 
fuel  turbopumps,  (2)  oxidizer  and  fuel  liquid-propellant  line  assemblies, 

(3)  main  fuel  and  oxidizer  valves,  (^)  oxidizer  and  fuel  system  fiowmeters 
and  flow  straighteners,  and  (5)  hot-gas  igniter  liquid-propellant  feed 
lines.  The  complete  subsystem  is  shown  in  Pig  63'.  Turbopump  details 
are  discussed  on  pages  243  through  330  of  this  report. 

(U)  A  single  discharge  line  carries  the  oxidizer  from  the  pump  discharge 
port  to  the  flowmeter  and  main  valve.  Downstream  of  the  control  valve  is 
a  Y  fitting  which  splits  and  directs  the  flow  to  two  branch  lines  of  equal 
diameter  to  two  ports,  180  degrees  apart  on  the  injector  oxidizer  uani- 
fcld,  A  siiiglfe  uij-.cljMige  I  isie  uiuu  is  used  for  the  fuel  from  the  pump 
through  the  flowmeter  to  the  Biaiu  valve.  The  outlet  flange  of  the  main 
fuel  valve  is  t?je  fuel  feed  syatew  ititerface  with  the  thrust  chamber 
fuel  manifold  inlet  flange.  The  hot-gas  igniter  fuel  and  oxidizer  are 
supplied  by  tapping  off  the  main  propellaut  lines  below  the  pump  outlet 
flanges.  The  oxidizer  and  fuel  turhepumps  ai'c  mounted  to  the  thvuat  struc¬ 
ture  beams,  and  the  turbine  exhaust  ducts  attach  directly  to  the  base  closure 


asBeiably.  Pump  axial  dimcuBional  variation  in  compensnted  for  by  the  uae 
of  a  flexible,  U-ahapcd,  liot-gae  seal  between  the  nozzle  and  the  base 
closure  asBeobly. 

(ij)  The  main  fuel  and  oxidizer  valves  are  quick-response,  flight-type, 
pneumatically  actuated  vieor  (modified  bail)-type  units,  and  are  located 
downstream  of  the  turbopumpE  to  control  propellant  flow  to  tbo  fud  and 
oxidizer  maniiolds. 

(ll)  Turbine-type  flowmeters  with  flow  straighteners  similar  to  those  used 
on  the  J--2  engine  are  insta  lled  in  each  propellant  line.  Both  flowmetci 
asBembliea  are  installed  in  their  respective  systems  at  a  point  upstream 
of  the  propellant  valve  inlet  ports. 

(c)  The  oxidizer  flow  dividing  the  Y  fitting  is  located  above  the  thrust 
structure  to  permit  routing  the  ciidizcr  branch  lengths  to  the  injector 
oxidizer  manifold  to  aid  priming  and  equalize  line  AP.  The  rejt'ng  ot 
the  main  oxidizer  lino  from  the  pimsp  discharge  to  the  main  oxidizer  va'i  » 
provides  a  straight  section  of  lice  upstream  of  the  main  oxidizer  valve  to 
contain  the  oxidizer  flowuieter.  The  main  oxidizer  line  and  brunch  line 
eizea  are  4.0  and  2.75“inch  ID,  reBpectively,  which  establishes  80  ft/»eo 
oxidizer  flow  velocity  at  the  syaiem  nominal  operating  point.  The  main 
fuel  line  routing  provides  a  straight  section  immediately  dewnstream  of 
the  fuel  prmp  disclLarge  to  contain  the  fuel  flowmet-sr.  Thio  fuel  line 
passes  through  the  shear  web  of  the  thrnsT-  structare  radial  beam  adjacent 
to  the  fuel  pump  discharge.  It  is  provided  with  a  spherical  surface  collar 
pi’OYldiji^  011$  of  "tlio  siippoi't-  point:®  £oi*  ssotsziiix?^  fviol 
The  fuel  line  size  is  3-75-inc’n  U),  which  establishes  200  ft/sec  fuel  flow 
velocity  at  the  system  nominal  operating  point. 

(u)  All  line  assemblies  arc  made  of  Inconel  718  sheet  stock,  rolled,  seam 
welded,  roll  planished,  and  sized  to  the  required  inside  diameter.  All 
flanges,  flowmeter  housings,  and  the  oxidizer  Y  fitting  are  machined  from 
Inconel  718  forgings.  After  completion  of  butt  welding,  each  line  assembly 
is  heat  ti-eated  to  175,000  to  200,000  psi  ultimate  tensile  strength,  and 


final  required  dimcncioual  control  is  obtained  by  a  final  post  heat-trei  t 
machining  operation.  The  oxidir.er  branch  lines  are  designed  as  symmetrical 
as  possible  to  equalise  injector  manifold  propellant  distribution.  The 
lines  ere  designed  to  deflect  as  the  injector  manifold/thrust  chamber  ex¬ 
pands  or  contracts  during  its  thermal  excursion.  The  line  deflections  will 
not  cause  bending  stresses  that  will  exceed  the  allows  >le  naterii  1  yield 
value.  Inconel  718  nickel  base  alloy  was  selected  for  this  application 
because  of  its  high  strength-to-weight  ratio. 

(u)  The  propellant  duct  structural  sizing  is  based  on  internal  pressure, 
bending  stresses  imposed  by  thermal  loads,  and  material  thinning  in  metal- 
foraing  operations  such  as  tube  1  uding  and  sheet  forming.  The  system  was 
thi n optimized  to  yield  the  lightest  weight  and  lowest  pressure  loss 
c  oaf  i  g!.' VO  i.  ion. 

(U)  Many  different  types  of  coaunercially  available  static  seals  were  con¬ 
sidered  during  studies  of  siatic-iiealing  metboda.  On  the  basis  of  proved 
esti u.fftctoi'y  operation  end  experience,  the  Nafles  seal  was  selected  for 
usage  on  both  the  fuel  and  oxidizer  systems, 

(if)  Alternatives  Studied.  Design  alternative  studfice  were  conducted 
to  select  the  duct  materials  and  fabrication  processes,  and  to  select  the 
best  flange  static  seel.  These  evaluations  are  discussed  below. 

(u)  A  design  evaluation  study  conducted  to  select  the  laaterial  for  the  main 
oxidizer  and  fuel  high-preaaure  propellant  feed  ducts  x'esuJ.ted  in  the  celec- 
tion  of  Inconel  ?18  for  both  systems.  Other  candidates  in  the  atudy  were 
6o6l~'rt  aluminum,  3*^7  OHJES,  and  inconel  718»  Inconel  718  was  selected  be¬ 
cause  of  its  higher  strength-to -weight  ratio  and  its  supex'ior  capcVjiJity 
to  resist  thermal  streasea  and  deflections. 


(U)  A  desigik  evaluation  study  wan  likewise  performed  on  the  manufacturing 
approach  to  be  used  to  produce  the  oxidizer  branch  lino  Y  fitting.  Three- 
dimeasional  machining  of  a  one-piece  forged  billet,  a  formed  sheet  stock, 
four-piece  weldment,  and  s  one-piece  precision  investment  casting  ^I'ere 
considered.  The  three-dimensional,  machine-forged  billet  approach  was 
selected.  The  selection  factors  influencing  the  decision  were  weight, 
reliability,  tooling,  and  cost  for  limited  initial  production. 

(u)  Tbe  Naflex  pressure-actuated  seal  was  selected  for  use  in  all  the 
flanged  (static  seal)  applications.  Elastomer  O-rings,  metal  0-rings 
(vented  and  pressurized  types),  K  seals,  and  Cono-seals  were  among  the 
other  types  of  seals  evaluated  lu  au  independent  survey  of  cryogenic, 
static  face  seals  where  the  Naflex  seal  showed  best  performance. 


Turbine  Drive  Subsystem. 

(U)  Description  and  Analysis.  The  Demonstratoi  .‘ciiale  turbine  drive 
subsystem  consists  of  (l)  t«poff  hot-gas  ducts,  (2)  oxidizer  turbine  inlet 
duct,  (3)  turbine  discharge  ducts,  (4)  tapoff  throttle  valve,  (5)  oxidizer 
turbine  throttle  valve,  and  (6)  fuel  turbine  calibration  orifice.  The 
subsystem  integration  is  shown  in  Fig.  64  . 

(u)  The  tapoff  hot-gas  ducts  interconnect  the  two  ports  on  the  combustio 
chamber  tapoff  manifold  with  the  tapoff  hot-gao  throttle  valve  which  effec¬ 
tively  forms  a  Y  joining  the  two  de.cts.  The  discharge  port  of  the  tapoff 
throttle  valve  interfaces  with  the  distribution  manifold  that  ia  part  oi 
the  igniter  subsystem.  The  oxidizer  turbine  throttle  valve  is  located  at 
the  oxidizer  turbine  port  of  the  distribution  manifold  and  the  oxidizer 
turbine  inlet  duct  connects  the  valve  with  the  oxidizer  turbine.  The  fuel 
turbine  calibration  orifice  ia  located  at  the  iaterfoce  heLweeu  the  distri¬ 
bution  manifold  and  th<  fuel  t^x-bine.  Engine  thrust  control  is  achieved 
with  the  tapoff  throttle  valve  and  engine  mixture  ratio  is  controlled  by 
the  oxidizer  turbine  throttle  valve. 
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(U)  The  concept  of  combining  the  tapoff  throttle  valve  and  the  Y  joining 
the  two  tapoff  ducts  permitted  the  selection  of  a  poppet-type  val-e  which 
has  a  lower  pressure  loss  than  conventional  90-degree  poppet  valves.  The 
turbine-drive  hot-gas  ducts  and  manifolds  are  sistied  for  the  start  condition 
in  order  to  provide  a  maximuin  turbine  inlet  pressure  for  the  tank  head 
start.  The  tapoff  ducts  are  sized  for  steady  state  and  have  a  2.!50-inch 
ID;  the  oxidizer  turbine  inlet  duct  is  3- 15-inch  ID,  and  the  nominal  inter¬ 
face  between  the  distribution  manifold  and  the  fuel  turbine  is  3-15-incb 
ID.  The  shape  of  the  ducts  interconnecting  the  two  tapoff  manifold  flanges 
to  the  tapoff  throttle  valve  are  designed  to  permit  deflection  during  ther¬ 
mal  growth.  The  length  and  shape  of  the  oxidizer  turbine  inlet  duct  is 
likewise  designed  to  permit  thermal  deflection.  All  high-pressure  duct 
assemblies  are  made  of  Hastelloy  C,  selected  because  of  its  high  strength 
at  elevated  temperatures. 

(U)  The  fuel  and  oxidizer  turbine  discharge  ducts  interconnect  their 
respective  turbiiijs  with  the  nozzle  base  closure.  These  ducts  are  sized 
for  internal  pressure  and  base  closure  thrust  loads,  and  arc  made  of 
Inconel  718  material  selected  for  its  high  strength-to-weigbt  ratio  and 
its  capability  to  resist  thermal  stresses. 


Hot-Gas 


jition  bubsy 


(D)  Description  and  Analysis.  The  Demonstrator  Module  hot-gas  igni¬ 
tion  eubsystem  consists  of  (i)  igniter  assembly,  (2)  isolation  valve, 

('5)  distribution  mauifold,  (4)  liciuid  propellant  valves,  (5)  1,0.^  pressure 
regulator,  and  (6)  purge  and  vent  check  valves.  The  location  of  the  hot- 
gas  ignition  subsystem  within  the  Demonstrator  Engine  is  shown  in  Fig.  63. 


(u)  The  hot-gas  distribution  manifold  serves  as  the  interface  between  the 
hot-gas  igniter  subsystem  and  turbine  drive  subsystem.  This  manifold  has 
four  ports.  One  port  interfaces  directly  with  the  fuel  turbine  inlet, 


Demonstrator  Module  Ignition 


I 


i 

I 


Figure  65B.  Demonstrator  Module  Ignition  Hot-Gaa  i 
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I 

I 
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another  port  interlacca  vith  the  oxidizer  turbine  throttle  valve,  and  a 
third  port  interfBcoe  with  the  tapoff  throttle  valve.  The  isolation  valve, 
a  poppet-type  valve  locutcu  in  tlie  bnee  of  the  dietr ibiition  manilold,  ecata 
on  the  iourth  port  and  mates  with  the  igniter  combuBtor  body. 

(u)  To  provide  multiple  starts,  the  hot -gas  igniter  useo  a  spark  ignition 
syfitem  and  is  monitored  by  an  ignition  detection  device.  The  hot-gas  ig¬ 
niter  isolation  valve  prevents  tapoff  gas  backflow  into  the  igniter.  The 
igniter  fuel  and  oxidizer  valves  are  mechanically  linked  together  to  provide 
more  reliable  valve  timing  during  start  and  shutdown.  Hot-gas  igniter  tem¬ 
perature  is  controlled  by  an  oxidizer  pressure  regulator  which  maintains 
the  oxidizer  manifold  pressure  at  the  proper  level  relative  to  the  fuel 
manifold  pressure.  Hot-gas  igniter  purge  and  vent  check  valves  are  provided 
to  prevent  steam  and  contaminant  hackflnv  through  the  hot-gas  igniter  combus¬ 
tor  and  injector. 

(u)  Since  the  hot-gae  igniter  operates  only  during  start,  the  propellant 
lines  and  hot-gas  lines  for  the  igniter  subsystem  are  sized  for  low  resis¬ 
tance  for  turbine  spin  and  ignition  under  tank  head  conditions.  Line  sizes 
for  the  hot-gas  igniter  subsystem  are  as  follows:  tapoff  throttle  valve 
interface  3.50-inch  ID,  fuel  turbine  interface  3.i5-lnch  ID,  and  oxidizer 
turbine  throttle  valve  interface  3.15-inch  ID. 

(c)  "Hastelloy  C"  material  was  selected  for  the  distribution  manifold 
because  of  its  high  strength  characteristics  at  the  1500  F  operating  tem¬ 
perature  of  the  system.  Casting  was  selected  as  the  manufacturing  approach 
for  the  manifold  because  it  is  beat  suited  to  produce  the  internal  passages 
required  in  the  manifold  and  porting  lor  attachment  of  the  igniter  combustor 
and  the  igniter  isolation  valve. 


(U)  Ac  cessibility.  Accessibility  considerations  assumed  a  KF.jor  role  in 
the  design  of  the  Demonstrator  Module  system.  In  this  area,  accessibility 
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fo>  leak,  f  uiicti  unii] ,  htiu  flef^iromccKitriicol  cliftkuut  is  a  juimai'y  toiiaid- 
eratlon.  i’lie  syatouia  dcaign  provided  i  rccBS  for  aad  pr<  ferr<-d  loca¬ 

tions  to  critical  co'nponcnts.  Tlic  engine  design  thus  p-ovidcs  fur  component 
Te;>laceD’'-i.t . 

(*0  Locutions  of  Icuk,  functions),  and  electrical  checkout  pcticle  have 

not  bcc'i  finalir.cd  on  the  engine;  howcvct-,  eicctiical,  mochanicnl,  and 

1  talr  cl.'.eck  couuoctors  vi  1 1  he  hi'ought  to  the  top  of  Die  engine  j'Qckage  for 

easy  acet-sa.  Accessible  disconuect  panels  nr<  shown  in  Fjg.  66  . 

TO  TCSl  SU'<0 
on  VKHICLL 


-  DISCOHNtCT 
r^jitLS 


OISCONNECl 
PANEI.  —V 


DISCONXICT 

rAKtL 


V  J' 


Wk  -  1^— - 


..O'  ^ 

V  i  r*-i» 

«  X  V.  •  »•»-  «OV.  ^  M  A  ^  A  A  .  %  J 

Two  are  located  vvitliin  tlu'  inner  body;  the  other  spans  the  thrust  structure 
bcama  and  is  for  oiigine-to-velucle  or  test  facility  interface.  The  turbo- 
pumpa,  valvss,  and  igniter  are  arranged  with  mounting  connections  made  to 
the  I  t'd  id  beain  and  huh  asseaibly  of  the  thrust  structure  such  that  these 
cottponeuts  may  b.3  xnsteJlrd  and  removed  together  with  their  interconnect¬ 
ing  ducts  ns  a  subasstmbly.  This  design  feature  makes  it  possible  to  re¬ 
place  any  major  component  after  removing  the  liub  and  beam  subnsoonibly  from 
the  thrust  chamber. 

15*) 

®®!t3lf>'iJll)!Ii}3TCa 

(This  page  ic  Ihiclassified) 


(c)  Pcmont 1  ■  rr.  tor  MnJuIo  A  very  !iu[)orU-tit  aBoect  of  t  he  L'emon- 

Ktrator  Modulo  deuipji  is  Module  esjyi  lai ;  tj  .  The  Dcrjoiistrator 

Modulo  comp. incuts  and  aystoia  arc  designed  to  be  as  near  f  1  j.glitveighi  as 
iB  ccoiiomicn  1  ly  prudent  vitliout  comproui«iu;f  the  iiijjlt  ejufidcncc  level 
and  test  flexibility  that  muot  be  enisured  fov  the  demoustret  or  progran!. 

In  many  cases,  further  veight  rcdueti.oito  VivlJ  bo  uch- cved  through  develop 
ment  efforta  and  dosigii  icf inomonts  that  vould  be  is.prorti cal  for  luroi- 
porntion  in  the  DemouBtrutur  Module,  I'or  exoiupic,  linugod  fit-.ingB  arc 
used  through  the  DcmoiiBtrator  Engine  to  reduce  development  time  and  coat, 
whercaa  the  Flight  Module  will  have  all  \.tide(>  f.tiings  resulting  in  sig¬ 
nificant  ve;.ght  savings.  The  Detaonat raior  Module  weight  was  calculutci 
to  he  39f>d  pounds.  A  detuili’d  weight  broi'bdu\.!i  is  shown  in  Table 


(U)  lute  rim  e  ItcquiremcntB.  The  Dpaicn8trr4tor  Module  is  dc. digued  to  bo 
iuitcrchungeablc  with  all  test  facility  attavhiient  points.  Thrust  vector 
control  may  he  accomplished  by  n.cous  of  a  ,J--2  type  giaibn.!  bearing  .cciuo ted 
by  hydraulic  actuators  attached  to  the  ihniat  mount,  Vhilc-  this  capobility 
is  inherent  in  the  basic  design,  it  io  not  intended  to  incorp.orivi  u  an  active 
system  in  the  engine  design,  The  test  s taad-to-enginc  interface  aroits 
include  (1)  thrust  and  stabilizer  connectiyub,  (t.)  fuel  and  c:v;«xW4,r  1,,',; 
jiressaie  inlet  ducts,  (3)  electrical  supply  lines,  and  ('i)  pneumatic  supply 
lines , 

Thrust  Chamber  r<e.siKn 

(U)  Thrust  tknniber  Assembly  h.equircniiuitH.  Tiic  jniiiui  lin!int  ulmiubL-i 
aasofubly  design  requirements,  which  were  derived  from  the  cuntractus.l  thrust, 
porf oimnnce ,  and  operational  requirements  and  the  pressure  requiretDerils 
defined  fcy,  the  wystema  analysis,  ace  nhown  in  Table  25.  Thrust  c!;amber 
design  details  are  aliov.n  in  the  layouts  of  Fig.  6?,  and  the  weight  break¬ 
down  was  prebented  in  Table  22  , 
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(C) 


TADli;  22 


SUMMAHV  OF  DlMONSXMATOll  MODIILE  WEIGHTS 


Tlirust  Subsyatoni 

Injector  and  Manifold 
Injector  Clamii  Rinj;B 
Structural  Tie 
Inner  Body 
Outer  Bodj 
Base  Closure 
'fapoff  Manifold 
Thrust  Structure 
Attach  Partp 

Turbine  Drive  Subaystem 

Tapoff  Linea 

Inlet  Duct  Oxidizer  Turbine 
Exhaust  Duct,  Turbine 
Tapoff  Throttle  Valve 
Oxidizer  Turbine  Throttle  Valve 
Calibration  Orifices 

Hot-Gas  Igniter  Subsystem 

Combustor  and  Injector 

G;.-  ri9t»’ibiitiori  Manifold 
Hot-Gna  Igniter  Isolation  Valve 
Propellant  Feed  Line 
Oxidizer  Pressure  Regulator 

Propellant  Feed  Subsystem 

Oxidizer  Turbopump 
Fuel  Turbo pump 
Propellant  Ducting 
Propellant  Flow  Sensors 
Main  Oxidizer  Valve 
Main  Fuel  Valve 

Igniter  Propellant  Control  Valve 
Mounts  Turbo pump 

Vent  and  Purge  Subsystem 
Uimbal  Bearing 
Controls  Electrical 
Controls  Pneumatic 

Total  Engine  Vcigbt 


*Thrust  chamber  assembly  weight 
structure)  =  2375  Jiounds 


(2675  pouuda)^ 

352 

Wi 

klk 

772 

431 

72 

60 

300 

70 

(106  pounds) 

26 

6 

lU 

36 

18 


(112  pounds) 

'i7 

33 

28 

2 

2 

(1028  pounds) 

W 

453 

61 

9 


59 

11 


(29  pounds) 


(3950  pounds) 


(thrust  subsystem  minus  thrust 
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(C) 


TAllLi:  23 

TlUiUST  CllAMUEIl  /  ‘3SEMULY  DESIUN  IIFQUIIUMLIJTS 


Porforuiance 


CoinmciiBurntc  with  mcctiiip:  engine  requi  re- 
nirnis  of  9f'!^  theoretical  1;,  at  full 


thrust,  95^  Ig  during  throttling 


Maximum  Engine  Thrust 


Maximum  PresBurc  Limits 


Critical  Cooling  Conditions 


262,000  pounds 


In joe tor  End,  psia 

Fuel  Manifold  Inlet,  pain 

Oxidizer  Manifold  Inlet,  psia 


c 

ISA® 


OJLll, 


LH„ 


Mil 


Mil 


tc  Ib/s  cc  I’r 


163') 

3062 

2l6'i 


mani fold 

JCsia _ 


Bose  Closure 


Tapoff  Manifold 


Life 


Durability 


1500  5.H:1  6.50  79  3  2655 

325  7:1  7.30  16.7  566 


Maximum  Thrust,  pounds  9756 

Maximuiti  Flovrate,  Ib/sec  16.95 


1500  F  Gases  at  MH  =  0,766 

Maximum  Manifold  A  P  »  129  at  id  •»  16.95  Ib/sec 


300  thermal  cycles,  10  hours  TOO 


Maximum  single  run  duration: 

100^  F:  600  seconds 

20^  F  at  sea  level;  20  seconds 


(UJ  The  three  major  subcemponents,  i.e.,  combustor  and  nozzle,  injector, 
and  base  closure,  are  discussed  in  more  detail  in  the  folloving  paragraphs. 

(u)  Materials  and  fabrication  techniques  utilized  are  state  of  the  art,  vitli 
strong  emphasis  on  cost  and  low  weight.  Features  connected  with  critical 
technology'  em’iody  the  itiforum  tiuii  gained  and  conf  iguratiuns  pi  oved  bucccsb  — 
ful  in  the  Task  II  experimentation.  These  include:  combustor  shape,  nozzle 
contour,  injector  pattern,  tapoff  location  and  design,  cooling  tube  material, 
structural  arrangement  and  throat  geometry,  LO,^  manifold  priming  features, 
assembly  seal  features,  cooling  tube  heat  transfer  criteria,  and  acces-sibil- 
ity  provisions  for  thrust  chamber  and  injector  inspection  during  development 
test ing. 
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rigurp  67.  25OK  Thrust  Chamhe 


rpi  rn^fprvi‘,?n  n  n 

wixiiftiyui^iiayu^ii. 


((■)  Tile  thruaL  eliambei  for  Hit  Dtuiuiialraior  Moduli'  luie  evolved  from  dcaign 
oiiiilysiB  a:\d  I’liaae  1  testing,  and  repivsents  the  beat  com|iromist  between 
concept  evaluation,  cost,  schedule,  and  weight.  It  is  designei'  with  a 
nozzle  length  ennivnlent  to  1*5  niTeeiit  lb  "  leinM.b  of  n  l5-degri'e,  bnlf— nngle 
cone  of  tbe  same  area  ratio,  and  consists  of  concentric  regeuerutively 
cooled  inner  and  outer  couibuator  oosemblies;  an  jinimlrr  injector;  a  per- 
foi'uted  base  closure;  thrust  mount  uttuch  provisiuns;  und  inuerfuees  fur 
fluid  Olid  gaseous  ducting  from  the  turbopumps.  The  combustor  ussenibiies 
foim  uu  niinol.ii  chamber  leading  to  n  converging  throat,  a  shrouded  outei- 
tubular  iioz.;ic  wall  to  the  exit  plane.  These  elcaeiita  nrv.  sbown  in  Tig. 08, 


(U)  Each  combustor  assembly  is  fabricated  of  brazed  tubing  which  forms 
cylindrical  sections  with  sealed  manifolds  et  each  end.  The  support  struc¬ 
ture  is  subsequently  adhesively  bonded  to  the  tubes.  The  bodies  arc  con¬ 
nected  by  40  regencrativcly  cooled  subsonic  struts,  each  installed  radially 
in  the  annular  combustion  chamber  area  with  two  preloodcd  bolts.  The  com¬ 
bustion  chamber  is  closed  at  the  top  of  an  injoefor  ring  assembly,  axially 


bolted  to  each  combustor  assembly.  Provision  is  iBode  to  attach  a  tlirust 
structure  assembly  to  the  backside  surface  of  the  inner  combustor.  The 
base  closure  attaches  at  the  inner-body  nozzle  exit.  Each  subassembly 
caw  be  readily  removed  for  replacement  or  intcrcliangeability. 

(U)  To  effect  coot  savings  and  provide  for  flexibility  in  development 
test  operations,  some  design  features  are  not  flight  type.  The  design 
concept,  however,  has  not  been  affected,  and  a  logical  growth  to  the  Flight 
Module  will  follow  from  the  selected  thrust  chamber  design.  Although  min¬ 
imum  weight  has  been  a  design  objective,  a  weight  penalty  has  been  accepted 
for  the  demonstrator  thrust  chamber  if: 

1.  It  can  be  logically  shown  that  the  weight  can  be  removed  from 
the  flight  chamber 

2.  A  significant  cost  saving  can  be  ensured  in  Phase  II 

3.  The  technical  integrity  of  the  concept  demonstration  is  maintained 

4.  The  development  test  flexibility  is  improved 

Specific  areas  affected  by  these  considerations  are  the  tube  design,  in¬ 
jector  design,  and  fuel  risers. 


(U)  Combustor  and  Nozzle  Description.  The  combustoj-  and  nozzle  descrip¬ 
tion  can  be  separated  into  discussions  of  the  thrust  chamber  construction, 
the  regenerative-cooling  circuit,  and  the  hot-gas  manifold  design.  Each 
is  discussed  in  the  following  uaibgiaphs. 

(u)  Thrust  Chamber  Construction.  The  combustion  chamber  and  nozzle 
of  the  Demonstrator  Module  thrust  chamber  are  formed  by  two  regenerativcly 
cooled  subassemblies,  inner  body  and  outer  body,  and  40  regene rati vely 
cooled  subsonic  struts  with  the  design  parameters  shown  in  Table  24  . 
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TADLL  24 


(C) 


TiniUST  CHAMBER  DESIGN  PARAMETERS 


Length  us  Percentage  of  Equivalent 
Aren  Ratio  15-Degree  Cone,  percent 

O 

Throat  Area,  in.“ 

Overall  Diametc-,  inches 
Overall  Height,  inches 
Contraction  Area  Ratio 
Expansion  Area  Ratio 
Mean  Combustor  Diameter,  inches 
Combustor  Width,  inches 
Throat  Gap,  inch 

Length  Injector  to  Throat,  inches 

Tube  Material 

Number  Tubes  Outer  Body 

Number  Tubes  Inner  Body 

Number  Subsonic  Struts 


85.14 

100.0 

55.90 

7.13 

74.1 

93.0 

2.0 

0.281 

6.0 

Nickel  200 
4400 
4240 
40 


(C)  The  inner  body  vhich  forms  one  side  of  the  combustor  wall  consists 
of  a  4-l/2-  inch  straiglit  wall  vhich  converges  to  the  throat  and  diverges 
to  a  truncated  spike  contour  (nozzle)  upon  vhich  combustion  gases  act. 

The  outer  body  forms  the  second  side  of  the  combustor  vail  and  consists 
of  a  4-l/2-iach  straight  section,  a  convergent  section  to  the  throat,  and 
the  contoured  shroud.  Both  inner  and  outer  bodies  consist  of  regenera- 
tively  cooled,  tubular  systems  to  vhich  the  external  support  structure  is 
udheaively  bonded.  The  coolant  circuit  is  formed  by  nickel  tubes  (4400 
on  the  outer  body  and  4240  on  the  inner  body),  furnace  brazed  to  form  360- 
degree  assemblies. 


(u)  Seats  are  provided  at  40  locations,  equally  spaced  on  the  inner  and 
outer  bodies  (on  the  straight  valla  of  the  combustor  zone),  for  attaching 
subsonic  struts  that  carry  separating  loads  and  stabilize  the  throat  gap. 
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(u)  The  nozzle  exit  tjJ  the  inner  body  contains  a  single  inlet  distribution 
manifold  into  which  hydrogen  propellant  from  the  turbopump  is  introduced. 
Provisions  are  also  Mide  at  this  point  to  attach  the  perforated  base 
closure.  Begeneratively  cooled  tubes  carry  propellant  to  a  collection 
manifold  at  the  in.iector  end.  The  truncated  spike  nozzle  of  the  inner 
tubular  wall  (below  the  combustion  chamber  and  throat  area)  is  supported 
against  buckling  and  side  loads  by  eight  circumferentially  placed  "hat" 
bands . 

(u)  The  injector  end  of  the  outer  body  contains  a  propellant  collection 
manifold  similar  to  the  iimcr  body.  Fuel  is  accepted  at  this  point  and 
distributed  through  regenerative-coolant  tubes  to  the  collection  manifold 
brazed  to  the  end  of  the  shroud.  Provision  is  made  at  this  point  for 
attachment  of  40  transfer  tubes  that  duct  the  propellant  to  the  injector, 

(u)  Structural  restraint  against  chamber  pressure,  thermal  and  operational 
loads,  and  excessive  throat  deflection  is  provided  the  Demonstrator  Module 
thrust  chamber  by  means  of  titani\un  (6A1-4V)  shells,  fabricated  in  segments, 
and  adhesively  bonded  to  the  tube  bundle.  The  segments  are  fabricated 
with  thin  webs  on  the  outer  periphery  to  provide  a  maximum  moment  of  iner¬ 
tia  and  to  resist  bending  with  a  minimum  of  weight.  The  segments  are 
bolted  to  each  other  and  adhesively  bonded  to  the  brazed  tube  bundle. 

(c)  Forty  subsonic  struts  maintain  the  inner  and  outer  bodies  at  their 
design  radial  locations  and  produce  a  rigid  annular  structure  with  a  mean 
diameter  of  93.0  inches.  Each  strut  is  secured  in  position  by  two  bolts 
passing  through  its  center  and  through  the  inner  and  outer  bodies. 

(c)  Each  inner-  and  outer-body  shell  is  fabricated  in  segments  (four 
outer  and  four  inner)  and  mechanically  joined  at  segment  interfaces  to 
provide  a  continuous  360-degree  structxire.  The  assembled  combustor  diam¬ 
eter  at  the  tube-wall  interface  of  the  outer  shell  is  approximately  95 
inches  and  that  of  the  inner  shell  is  91  inches. 
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(u)  The  foul'  outer-body  segments  (Fig.  69  )  are  of  identical  geometi-j'  and 
extend  from  the  injector  end  to  a  plane  ju.st  above  the  collection  manifold 
at  the  shroud  end.  Eacli  is  fabricated  vith  a  continuous  contour  on  the 
tube  mating  surface,  iutegrollj'  attaching  to  four  peripheral  sections 
spaced  for  maximum  structural  efficiency.  At  iO  equally  spaced  locutiona 
on  each  quadraiit,  bearing  surfaces  for  seating  subsonic  struts  arc  machined 
nnd  lioles  for  insertion  of  structural  tie  bolts  ore  drilled. 

(c)  The  inner  body  (Fig.  69  )  is  formed  from  four  segments,  three  of  which 
are  identical  units,  each  representing  a  117-degree  arc  of  a  91-iuch- 
diameter  circle,  nnd  the  fourth  is  a  9-degree  segment.  Each  unit  extends 
from  the  injector  end  to  a  point  on  the  nozzle  approximately  6  inches 
(measured  axially)  from  the  throat  plane,  and  includes  a  nozzle  support 
structure  and  provisions  for  thrust  mount  attachment.  Bearing  surfaces, 
radially  opposite  those  on  the  outer  body,  are  provided  for  seating  struts. 


(u)  Regenerative-Cooling  System.  The  regenerative-cooling  system 
consists  of  the  brazed  tube  bundle,  the  various  manifolds  and  ducts,  the 
subsonic  struts,  and  all  elements  that  provide  flow  paths  for,  and  are 
cooled  by,  the  fuel  during  its  passage  from  the  inlet  of  the  thrust  chamber 
to  the  injector  inlet  manifold. 

(c)  The  basic  cooling  circuit  for  the  inner  and  outer  bodies  was  optimized 
early  in  the  contract  for  the  lowest  pressure  loss  with  reasonable  tube 
sizes.  This  procedure  resulted  in  the  selection  of  cooling  t.ne  innci-  budy 
in  series  with  the  outer  body. (tig.  TO),  In  this  scheme,  the  coolant  enters 
a  luouifold  at  the  exit  end  of  the  inner  body,  cools  the  inner  body,  flows 
through  the  injector,  cools  the  outer  body,  and  then  is  injected  into  the 
chamber.  The  total  regenerative-cooling  pressure  loss  including  inlet  and 
exit  manifolds  was  predicted  to  be  825  psi . 
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(liy  Totnl  fuel  llov  is  introili’xcd  ini.o  a  siiii;le -inlet,  nontapovcd  mani¬ 
fold  located  nt  the  exit  plane  of  the  inner  tnhc-i/all  noz,zlc.  A  sitigie- 
pnsfj  circuit  feecls  PlPO  tubes  spliced  2:1  to  k2h0  tubes  tovnitl  the  in¬ 
jector  end.  At  the  atari  of  chamber  convergence  to  tlic  throat  in  the 
conibt'Htion  zone  of  tlie  inner  body,  two  paths  must  be  deacribed  fjj  clarity, 
that  tiirough  the  bfiffie  seat  and  baffle  and  that  througli  <lic  remainder 
of  the  ny.atsffi. 


(b)  T’le  i nufi'-bij  !y  tubes  i niersf>r+.i|,p  each  of  the  *i0  equally  sontctl  aub- 
eonic  strut  seats  (exteuding  from  the  stovt  of  the  convergence  Byotew  to 
tlir:  injector  end)  diachorge  their  flow  into  manifolding  within  the  seat. 

Part  of  this  flow  in  directed  within  this  manifold  into  the  strut  across 
the  sealed  strut-sent  interface.  The  remainder  of  flow  in  the  scat  is 
direc (ed  to  n  collection  manifold  at  the  injector  end  of  the  inner  body. 

(U)  Hy<  Irogen  flow  through  the  remainder  o'  the  syriem  (between  strut  seats) 
continues  from  the  start  of  convergence  fct  the  throat  of  the  inner  body  to 
the  same  coll  eetiun  manifold  mentioned  above. 


(c)  A^  each  of  the  ^0  strut  locations,  passages  connect  the  collection 
manifold  to  the-  strut  .icross  the  sealed  strut-seat  interface.  Total  fuel 
flow  is  thus  directed  into  the  subsonic  strut  where  approximately  25  per-- 
cent  is  used  tc  cool  the  copper  strut  face  in  a  single-pass  regenerative 
circuit.  The  remaining  75  percent  of  flow  is  directed  across  the  baffle 
where  the  t*>tnl  is  discharged  into  a  manifolding  system,  at  the  injector 
f-iiii  cf  the  outer  body,  idcntit.al  tc  that  of  th.s  inner  body.  Frem  thi.'S' 
point,  single-pass  flow  th-vough  the  outer  body  and  shroud  tubes  occurs. 


(U)  A  coil  taction  munifold  ot  the  exit  of  the  outer-body  shroud  combines 
the  ilow  from  the  eircuite  doecribed.  Transfer  to  the  injector  hydrogen 
manifold  is  mode  through  !j0  riser  tubes  ronucii.ing  the  shroud  to  the  in¬ 
jector.  Disaosembiy  during  tlie  devoioraent  program  is  ncromplished  by 
cutting  the  fuel  risers,  ond  reassembly  is  done  by  orbit  welding  or  in- 
ducti'tu  bracing  of  40  connections.  Tlie  orbit  weldci’  has  been  8uccc*'s- 
fully  employed  on  the  J-2  engine  for  assembly'  of  ciigiue  tubing.  It  is 
*.n  automatic  device  which  rotatea  n  wcliiing  head  around  a  tube  joint 
according  to  preset  condition  to  produce  cunsistant  welded  joints. 

(C)  The  -'cgCAcrativtly  cooled  wall  of  the  inner  body  is  composed  of  2120 
assemblies  of  2:1  spliced  tubes,  c.g. ,  2120  tubes  in  the  nozzle,  to  a 
point  approximately  4.0  inches  downstream  of  the  throat,  each  brazed  as 
a  subasoerably  to  two  tubes  in  the  combustor  region.  Tube-wall  thickness 
throughout  the  inner  body  is  0.012  inch.  Nickel  200  was  selected  as  the 
basic  tube  material,  operating  at  a  maxinium  temperature  of  141/0  F.  Inconel 
625  w-ns  selected  as  a  long-range  substitute,  pending  the  accrual  of  brazing 
and  formability  data  for  this  material.  Substantial  weight  savings  are 
available  through  use  of  the  latter  material . 

(C)  The  outer  body  consists  of  4400  tubee  of  0,010-inch  Nichcl  200  mate¬ 
rial.  To  achieve  vail  temperatures  under  I52O  F  (based  on  500  cycle  life 
requirement),  the  inner  body  was  displaced  3/l6-inch  downstream,  starting 
at  the  beginning  of  the  chamber  convergence.  This  effectively  moves  the 
sonic  point  on  the  cuter  body  3/10— inch  dcw'nstream.  This  change  permits 
utilization  of  the  maximum  obtainable  coolant  curvature  enhancement  at 
the  high  heat  flux  region  of  the  throat  (39  Btu/in.^-sec  for  a  1450  F 
vail  temperature). 

(U)  Subs  onic  Struts.  In  addition  to  its  function  to  space  and  struc¬ 
turally  tie  the  inner  and  outer  bodies,  the  subsonic  strut  serves  as  a 
fluid  passage  to  transfer  the  hydrogen  propellant  from  the  inner  body  to 
the  outer  body',  as  a  fluid  passage  for  introducing  ignition  gases  into 
the  chamber  (or  extracting  tapoff  gases  from  the  chamber),  and  as  a  stabil¬ 
izing  influence  to  the  combustion  process. 


(C)  Each  of  the  40  struts  extends  from  the  injector  face  to  the  start  of 
convergence  to  the  throat,  approximately  4.5  inches.  Located  within  the 
combustion  zone,  the  external  surface  of  each  baffle  is  exposed  to  com¬ 
bustion  gases  and  must  be  cooled.  This  is  done  regencratively ,  utilizing 
tiic  transfci-  propcliaut  mentioned  previously. 

(c)  The  exposed  periphery  of  each  strut  is  composed  of  0.25-inch  OFHC 
copper  containing  five  coolant  passages,  0.156  inch  in  diameter.  The 
copper  plate  is  furnace  brazed  to  a  baffle  body  of  Inconel  vdiich  as  suit¬ 
ably  compnrtmented  to  provide  the  differential  pressure  required  to  sus¬ 
tain  the  rcgenoi'ative-coolant  flow  through  the  copper  surface  plate. 
Provision  is  mode  to  "bleed"  hydrogen  into  the  strut  bolt  cavities  to 
provide  coolant  to  sui'round  the  bolt.  In  the  event  of  seal  leakage  ae 
the  strut  interface,  coolant  would  flow  from  the  bolt  cavity  into  the 
combustion  chamber,  ensuring  that  combustion  ga.ses  do  not  leak  into  the 
bolt  cavity. 

(U)  Install  ation  of  scats  for  subsonic  struts  on  inner  and  outer  tube- 
wall  bodies  is  accomplished  after  the  bodies  have  been  through  their  initial 
braze  cycle.  With  this  technique,  the  ciiticality  of  stack  tolerances 
and  tube  number  and  orientation  in  body  fabrication  is  reduced.  A  pictorial 
definition  of  the  installation  process  is  presented  in  Fig.  Step  1 

shows  the  seats  applied  to  inner  and  outer  contour’s  of  a  560-degree  brazed 
body  as.sembly.  Steps  2  and  3  indicate  the  electrical  discharge  machining 
proce.sses  for  forming  manifolds  internally  and  step  4  installation 
of  the  final  scat  by  welding. 


APPLICATION  OF  STRUT  SCALS  TO 
TUBE  WAI.L,  FIRST  BRAZE  CYCLE 


STRUT  SEAT 


PLUG  INSERTION  TO 
COMPLETE  SEALS 


MACHINING  OF  STRUT  SEAL 
TO  FORM  MANIFOLDING 


ligure  71.  Application,  Machining,  and  Plug  Insertion 
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Installation  of  the  strut  sent  by  this  technique  prevents  plugging  of 
tubes  under  the  scat  during  the  braze  cycle. and  enables  pressure  check 
of  the  joint  and  realloying. 


(U)  Hot-Gas  Manifold.  The  tapoff  manifolding  provides  the  dual  func¬ 
tion  of:  (l)  ducting  hot  gases  from  the  hot-gas  igniter  to  provide  ignition 
of  the  propellants  within  the  thrust  chamber,  and  (2)  ducting  hot  gases  from 
the  tlu’ust  chamber  to  provide  power  to  the  engine  turbines. 

(U)  The  tapoff  manifold  consists  of  a  large  torus  collection  manifold  and 
40  riser  tubes.  The  collection  manifold  is  made  from  a  tube  1.88  inches 
in  diameter  and  roiled  into  a  torous  79.2?  inches  in  diameter.  It  is  moiuited 
inboard  of  the  inner  body  just  above  the  centerline  of  the  tliroat.  The  40 
risers,  each  0.626  inch  in  diameter,  mount  the  torus  to  the  inner  body. 

The  risers  are  fabricated  ivlth  multiple  bends  to  provide  the  flexibility 
necessary^  whoii  the  manifold  system  undergoes  dimensional  changes  due  to 
temperature  extremes.  The  torus  and  the  risers  are  lined  with  a  thin 
sheet  that  is  held  from  the  outer  walls  by  a  mesh  of  stainless  steel,  pro¬ 
viding  the  insulation  necessary  to  keep  ignition  gases  hot  and  structural 
materials  cool  enough  to  function  with  integrity. 

(U)  Each  riser  is  connected  to  a  pass-through  pipe  that  lines  up  witli 
the  hot-pas  tapoff  hole  in  each  baffle  seat.  This  tapoff  hole,  in  turn, 
lines  up  with  the  hot-gas  entrance  ports  in  each  subsonic  strut. 

(u)  F«!r  ignition,  the  hot  gases  from  the  hot-gas  igniter  are  ducted  tc 
and  through  the  manifold,  up  the  risers,  through  the  strut  seat,  through 
the  strut  hot-gas  passages,  and  are  injected  into  each  compartment  of  the 
combustor.  For  tapoff,  the  flow  is  reversed  and  the  hot  gases  are  taken 
from  the  chamber  and  ducted  through  the  system  to  the  turbines. 
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(This  y&gt  is  Ilnolasalfied) 


Combu H tor  and  Noz?.lc  AnnlyBia . 

(U)  CombuBtor  Confijjm ation  Sflection.  The  peif ormancc  ai>d  heat 
transfer  characteristics  of  the  thrust  chamber  are  determined  by  the  shape 
aiid  contour  of  the  various  portions  of  the  assembly.  During  the  contract 
period j  data  useful  to  the  thruoi'  Cuamuci  uesign  weie  g^^iieiaLeu  ciixuugxi 
this  program  and  complementary  programs  conducted  in  parallel.  Analytical 
studies,  cold-flow  testu,  and  hot-firing  tests  were  conducted  to  optimize 
combustor  shape,  throot  flow  angle,  shroud  length,  and  nozzle  contou.'. 

The  results  of  this  work  have  been  integrated  into  the  demonstrator  thrust 
chamber  design. 


(c)  Selection  of  the  combustor  shape  is  based  on  the  requirements  of  high 
combustion  efficiency  and  low  heating  loads  while  maintaining  low  weight. 

The  selected  chamber  geometry  is  2  inches  wide  at  the  injector  and  has  a 
6-iach  length  from  injector  face  to  throat.  The  chamber  walls  are  parallel 
down  to  a  point  approximately  4.5  inches  downstream  of  the  injector  face, 
and  then  converge  at  a  40~degree  angle.  This  parallel  wall  design  (evolved) 
from  the  previously  proposed  curved  wall  design  as  a  result  of  2.5K  segment 
tests  on  several  different  combustor  shapes)  offers  reduced  weight  and 
improved  structural  characteristics.  It  also  results  in  a  smaller  com¬ 
bustor  cross  section  and  allows  the  exit  throat  to  he  moved  outboard 
nearer  the  100-inch  diameter.  This  change  results  in  increased  performance 
associated  with  an  increased  area  ratio  and  simplifies  combustion  chamber 
construction.  In  addition,  subsonic  stiuita  are  much  easier  to  incorporate 
into  this  configuration.  This  combustor  has  a  characteristic  length  (L*) 
of  approximately  40  inches,  which  is  sufficient  for  achiexdng  high  com¬ 
bustion  efficiency.  The  throat  radius  of  curvature  of  the  outer  body  is 
0.7  inch  while  that  of  the  inner  body  is  0.51  inch,  vdiich,  in  conjunction 
with  the  40-degree  throat  convergence  angle,  provides  beneficial  coolant- 
side  curvature  enhancement. 

(c)  Extensive  water-cooled  segment  testing  of  this  configuration  in  Task  II 
yielded  parametric  performance  and  heat  transfer  data,  and  combustion  effi- 
cieaces  of  >99  percent  were  demonstrated.  Heat  transfer  tests  on  curved 
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tubes  have  also  shown  good  corelution  with  the  predicted  curvature. 

Phase  I  testing  experience  (combustor  shape,  heat  flux,  enhancement) 
has  demonstrated  that  measured  throat  heating  rates  and  total  heat  inputs 
can  be  handled  by  regenerative  cooling,  using  conventional  tube  muterials. 


(U)  Nozzle  Contour  Seiection.  Tiie  uiiruuu  and  nozzle  contour  used 
on  the  proposed  Aerospike  Engine  employs  a  double-expansion  shroud  con¬ 
figuration  coupled  with  a  modified  ideal  spike  inner-body  contour.  This 
type  of  design  (Fig,  72  )  vas  developed  as  a  means  of  obtaining  all  Aero¬ 
spike  performance  advantages  while  maintaining  design  flexibility.  Of 
particular  advantage  is  the  ability  to  orient  the  throat  at  any  desired 
angle,  as  distinguished  from  the  unshrouded  spike  nozzle  for  which  the 
throat  angle  is  a  function  of  area  ratio.  Therefore,  at  high  urea  ratios, 
the  unshrouded  spike  nozzle  throat  angle  would  be  approximately  radial 
aa  opposed  to  the  more  desirable  axial  position. 

(C)  The  contour  design  analysis  was  based  upon  chemical  equilibrium  ex¬ 
pansion  of  oxygen/nydrogen  products  of  combustion,  and  the  nozzle  area 
ratio  defined  by  the  engine  diameter  limit  of  100  inches,  and  the  required 
thrust  of  25OK,  The  meem  flow  angle  and  radius  of  curvature  (r)  at  the 
nozzle  throat  were  selected  based  on  an  attempt  to  minimize  shroud  length, 
ai’d  simultaneously  minimize  the  difference  between  the  angle  of  flow  at  the 
injector  and  at  the  throat,  and  provic  adequate  curvature  on  the  inner  wall 
to  enhance  regenerative  cooling  at  the  throat.  A  throat  flow  angle  of  4.5 
degrees  and  a  radius  of  curvature  of  0.510  inch  was  found  to  he  the  best 
compromise  between  the  three  considerations. 
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REFERENCE  LINE _ 

PARALLEL  TO  ENGINE  t 


Figure  72.  Double-ExpauBioD  Shroud  Nozzle  Design  Schematic 


(u)  The  design  procedure  consists  of  starting  with  an  ideal  spike  exit 
flow  field  and  computing  the  unshrouded  nozzle  contour  required  to  give 
this  flow  field.  The  regulations  of  the  flow  field  are  solved  by  the 
method  of  chui'ueteristicB .  The  mean  flow  angle  selected  for  the  geometric 
tliroat,  (0*),  established  three  critical  pointe  in  the  nozzle  design: 

(1)  the  point  on  the  inner  wall  at  which  the  ideal  spike  contour  will  end, 

(2)  a  corresponding  point  on  the  shroud  exit,  and  (5)  the  point  of  tan- 
gency  to  the  throat  curvature. 

(U)  The  inner  body  wall  contour  is  then  completed  by  joining  the  ideal 
spike  contour  and  the  throat  with  a  straight  line  tangent  to  the  ideal  con¬ 
tour  at  point  (1).  The  shroud  contour  is  completed  by  using  the  nozzle 
design  procedure  beginning  with  the  known  flow  field  between  (l)  and  (3)* 

(U)  The  nozzle  thus  developed  has  aerodynamic  performance  identical  to 
that  of  the  truncated  ideal  spike  nozzle,  since  the  modification  leaves 
the  exit  flow  undisturbed. 

(U)  During  the  nozzle  selection  situdy,  the  possibility  of  reducing  the 
shroud  length  was  examined  as  a  means  of  reducing  weight,  cooling  load, 
and  friction  loss  on  the  outer  wall.  Theoretical  calculations  and  cold- 
flow  model  tests  showed  that  negligible  changes  in  base  pressure,  geometric 
perfonnance,  and  kinetic  performance  occurred  for  high  pressure  ratios 
when  the  nozzle  shroud  was  triuicated  to  half  the  original  length.  However, 
at  low  pressure  ratios,  theoretical  flow  field  calculations  indicated  that 
the  truncated  shrouds  would  produce  a  recompression  shock  of  sufficient 
strength  to  exceed  th.-  cooling  capacity  of  th?*  inncr-vall  tubes  during 
throttle!  sea  level  runs, 

(it)  a  comparison  of  wall  pressure  profiles  for  a  short  and  long  shroud 
is  presented  in  Fig.  73  for  low  pressure  ratio  conditionc..  The 

wall  pressure  profiles  for  the  long  shroud  configuration  are  the  result 
of  isentropic  recompression,  while  the  short-shroud  wall  pressure  profiles 
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Figure  73.  Sea  Level  Innex'  Body  Wall  Pressure  Profile 
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are  the  resuit  oi  the  impingeiBciit  of  oblique  ehocka  on  the  nozzle  wall. 

A  sufficiently  strong  shock  can  result  in  local  separation  and  reattach- 
oent  of  the  boundary  layer.  The  Msger  criterion  has  indicated  that 
separation  could  occur  for  the  short-shroud  configuration,  but  the  long- 
shroud  configuration  will  nut  separate. 

(u)  A  cold-flow  teat  series  was  conducted  to  measure  the  recompression 
wall  pressure  profiles  for  the  full-length,  shroud,  and  to  verify  the 
calculated  results.  The  model  employed  in  this  test  series  was  a  two- 
dimensional  quarter-scale  segment  of  the  250K  thiust  chamber.  Good 
agreement  was  obtained  between  computed  and  measured  pressure  proTiles 
for  the  cold-flow  model,  as  shown  in  Fig,  7^.  Tlie  full-length  shroud 
cunf igiirution  was  selected  for  the  demonstrator  thrust  chamber  to  mini¬ 
mize  the  heat  fluxes  on  the  nozzle  wall  during  sea  level  operation. 


(b)  Structural  Analysin.  Tlie  thrust  chamber  structure  resists 
the  pr*.  ssui'c  loads  and  transmits  the  resultant  useful  thrust  to  the 
thrust  structure.  The  sea  level  and  altitude  gaa  pressure  distribution 
on  the  nozzle  structure  is  shown  in  Fig.  75«  Becauue  of  the  rapid  de¬ 
crease  in  pressure  downstream  of  the  throat,  it  is  only  necessary  to 
support  the  nozzle  tube  bundle  uniformly  for  a  short  distance.  Beyond 
this  point,  the  nozzle  tube  bundle  is  adequately  supported  by  intermit¬ 
tently  spaced  compression  rings.  The  radially  inward  component  of  the 
nozzle  pressure  distribution  is  transmitted  as  a  compressive  load  to 
the  rings  by  the  tube  wall.  The  thrust  generated  by  the  nozzle  pressure 
axial  component  is  carried  by  axial  compression  in  the  tube  bundle. 

(U)  The  compression  ring  spacing  is  detemiued  by  consideration  of  the 
stresses  imposed  by  bending  of  the  tubes,  the  compression  from  thrust 
loading,  and  tension  due  to  the  tube  internal  coolant  pressure.  The 
cross  sections  of  the  rings  are  governed  by  the  moment  of  inertia  re¬ 
quired  to  resist  buckling  and  ring  bending. 
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DISTANCE  FROM  THROAT,  INCHES 


(u)  The  thi'ust  ij!  the  tube  bundle  and  the  thrust  frooi  the  combuetion 
chamber  throat  are  transmitted  to  the  thrust  structure  through  40  struc¬ 
tural  members.  Because  these  40  attach  point*:  cannot  be  located  in  the 
plane  of  the  resultant  thrust,  and  because  they  are  not  reacting  the  thrust 
uniformly,  bending  moments,  tviating  moments,  and  shear  forces  are  devel¬ 
oped  at  the  combustion  chamber.  The  combustion  chamber  structure  reacts 
those  in  addition  to  the  chamber  pressure  (Fig.  76). 

(c)  The  annular  combviatioa  zone  vaa  analyzed  for  a  chamber  pressure  of 
1330  psia,  a  nominal  thrust  of  230K,  a  maximum  glmbal  acceleration  rate 
of  30  rad/sec  ,  and  longitudinal  and  lateral  accelerations  as  outlined  in 
Table  9  .  The  main  loads  are  carried  by  the  titanium  combustor  bodies 
and  the  Inconel  baffles.  The  combustor  body  structxire  is  of  open  veb  de¬ 
sign  to  facilitate  fabrication,  and  the  pressure  is  contained  by  the  outer 
and  inner  bodies  through  beam  action  between  the  baffles.  The  outer  and 
inner  combustor  bodies  are  tied  together  by  two  Inconel  7I8  bolts  in  each 
baffle  with  a  total  of  40  baffles  located  every  9  degrees  around  the  cir¬ 
cumference  of  the  annular  thrust  chamber.  The  injector  is  used  to  con¬ 
tain  the  pressure  in  the  forward  direction. 

(C)  The  selection  of  titanium  for  the  backup  structure  precludes  a  brazed 
assembly.  For  this  reason,  a  study  was  conducted  to  select  the  optimum 
adhesive  for  attaching  the  structure  to  the  brazed  tube  bundle.  The  operat¬ 
ing  regime  of  the  thrust  chamber  dictates  that  the  adhesive  must  be  capable 
of  withstanding  thermal  cycling  from  chilldown  to  throttling  temperatures 
and  must  also  have  insulating  capability  to  keep  the  temperature  of  the 
lightweight  structure  within  reasonable  limits.  Adhesive  strength  proper¬ 
ties  are  not  required  below  the  outer-body  throat,  since  two  mechanical 
joints  support  the  tubes  in  this  region.  Among  the  important  requirements 
for  the  adhesive  were: 

1.  Retention  of  suitable  strength  from  tube  temperatures  to  6OO  F. 
Below  the  outer  body  (where  the  temperature  exceeds  6OO  F  at 
throttled  sea  level  operation),  the  adhesive  has  no  strength 
requirement  and  need  act  as  an  insulation  barrier  only. 
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2.  Ability  to  withstand  up  to  300  thermal  shock  cycles  over  the  same 
tomperoture  extremes 

3.  Excellent  bond  development  to  nickel,  aliuninum,  and  titanium 

4.  Workability  characteristics  consistent  with  thrust  chamber  fab¬ 
rication,  i.e.,  long  pot  life  to  permit  assembly  and  bonding 
pressure  requirements  of  less  than  100  psi 

(C)  Mechanical  property  tests  of  bonded  joints  for  butt  tension,  lap 
shear,  and  peel  were  initiated  at  temperatures  from  -300  to  650  F,  after 
50,  150,  and  300  cycles.  Several  materials  were  utilized  as  the  base 
structure  for  comparative  results. 

(u)  The  end  results  of  the  test  pi'ogram  indicated  that  although  certain 
adhesives  displayed  good  performance  within  certain  temperature  ranges  and 
luider  specific  conditions,  only  one  consistently  met  the  requirements  as 
set  forth  earlier  in  the  program.  American  Cyanamid's  HT  424  Epoxy  Phenolic 
film  on  a  glass  fabric  carrier  exhibited  the  best  all-around  characteristics 
of  all  adhesives  tested.  Room  temperature  and  cryogenic  lap  shear  values 
were  both  moderately  hi.jh,  while  6OO  F  strengths  were  slightly  lower 
(Fig.  77 ) •  Most  other  adhesives  tested  were  high  at  one  temperature  range 
and  lo»  at  others. 


(l)  The  epoxy  phenolic  bond  showed  only  slight  degradation  due  to  cryo- 

^  rt  1  /o  r.  4-  1 _ I*  j  a  •  « 
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stated  that  the  strength  levels  of  the  UT  424  will  be  satisfactory  even 
after  repeated  thermal  shock  cycling  in  the  thrust  chamber. 


(c)  The  change  in  throat  area  during  operation  is  a  function  of  the 
chamber  pressure,  the  rigidity  of  the  chamber  structure,  and  the  tempera¬ 
ture.  Analysis  indicates  that  the  maximum  change  in  throat  area  is  9.25 
percent.  Tests  conducted  on  similar  chamber  structures  showed  ex'ttllent 
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correlation  between  teat  and  analytical  predictions  (I’lg.  78  ).  fhc 
change  in  throat  gap  is  repeatable  and  has  the  desirable  attribute  of 
increasing  performance  at  throttled  levels  because  the  throat  gap  closes 
and  the  no^^zlc  area  ratio  increases. 


PRESSURE.  PSr* 


Figure  78.  Throat  Deflections  for  Center  Compartment  at  Several 
Chamber  Pressures 

(U)  Tube  Material  Selection.  With  the  targeted  engine  life  goals 
in  mind,  an  effort  was  made  to  obtain  an  indication  of  the  life  capability 
of  many  thrust  chamber  tube  materials.  Special  consideration  was  given  to 
those  materials  that  had  received  usage  in  production  thrust  chambers,  and 
al  BO  tho  se  materials  that  had  received  some  thrust  chamber  usage  and  were 
of  higli  thermal  conductivity.  The  latter  requirements  were  very  desirable 
because  of  the  high  peak  heat  flax  at  the  throat  of  the  thrust  chamber. 

(C)  A  recently  developed  tube-wall,  plastic  strain  analysis  was  used  in 
conjunction  w'ith  a  heat  transfer  analysis  to  predict  the  cyclic  plastic 
strain  incurred  in  many  candidate  tube  materials  operating  as  throat  tubes 
during  an  ambient  to  1500-p8ia  chamber  pressure  start  sequence.  This 
analysis  and  experimental  verification  is  discussed  under  Task  II,  Thrust 
Chamber  Cooling  Investigation. 
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(c)  The  materials  evaluation  effort  described  above,  in  conjunction  with 
Rocketdyne's  previous  and  concurrently  generated  fabrication  and  cost 
experience,  led  to  the  selection  of  Nickel  2('0  as  the  tube  material  for 
immediate  and  long-range  application  to  the  Aerospike  Eiigint . 

(c)  Hecent  and  past  experience  at  Rocketdyne  has  shown  that  Nickel  200 
tubing  has  excellent  tube-tapering  and  forming  properties  in  the  sizes 
required  for  the  Demonstrator  Module  thrust  chamber.  Nickel  200  oxides 
are  easilj’-  reduced  in  a  dry  hydrogen  atmosphere,  affording  excellent  alloy 
flow  during  furnace  brazing.  Recent  laboratory  tests  have  shown  the  rigid¬ 
ity  of  Nickel  200  tubes  at  2000  F  to  be  more  than  adequate,  permitting 
the  use  of  efficient  pressure  bag  tooling  for  dimensional  control  during 
the  furnace  brazing  process.  A  full-scale  Nickel  200  chamber  ha.s  been 
successfully  furnace  brazed  for  the  SDI  program  with  the  same  tooling  used 
to  braze  the  stainless-steel,  tube-wall  thrust  chamber. 

(C)  A  series  of  eight  tests,  from  chamber  pressures  of  ^iO  to  2050  psia, 
were  also  conducted  with  a  2.5K  nickel  tube-wall  segment  to  extend  available 
information  on  the  regenerative-cooling  capabilities  of  nickel  tubular 
designs . 


(u)  Tube  Design.  Figure  6?  .shows  the  tube  profile  for  the  inner- 
and  outer-body  tubes.  The  cross-sectional  areas  were  established  from 
the  heat  transfer  analysis  to  provide  adequate  cooling  and  life  with  a 
mini’jnim  pressure  loss. 

(C)  The  tube  splice  was  studied  in  a  heat  transfer /p-easure  drofi/hydraulic 
strea.s  tradeoff  analysis.  The  tube  upstream  of  the  splice  is  designed  to 
a  mixture  ratio  of  bi 1  at  a  15D0-peia  chamber  pressure,  which  will  produce 
slightly  reduced  wall  temperatures  at  MR  =  7>1.  1’he  tube  below  the  splice 
is  designed  to  operate  ai.  a  300-p8ia  chamber  pressure  and  a  mixture  ratio 
of  7:1  at  sea  level  conditions,  this  being  the  most  stringent  condition  tor 
this  part  of  the  innei-  body.  This  results  from  the  rccorapree.si on  which 
occurs  at  sea  level  in  conjunction  with  the  low  coolant  flrr^'rates. 
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(u)  Heat  Transfer  Analysis.  The  thruat  chamber  design  is  firmly  based  on 
cxpC!*i2ic»i^&X  snd  Hc&v  i^r&ns^®r  d&tii  dcvoloppci  duiring  this  {ind 

other  related  programs.  Study  support  effort  has  been  provided  for  the 
areas  of  both  gas-side  and  coolant-side  detailed  heat  transfer  measure¬ 
ments  and  in  the  definition  of  the  wall  material  requirements  to  provide 
long  life  and  low  wall  temperatures.  The  life  aspects  were  described  in 
detail  in  the  Tube  Material  Selection  section,  and  the  following  discus¬ 
sions  treat  the  aspects  of  heat  transfer  and  wall  thermal  conduction. 


(c)  Heat  I  nput  Definition.  Detailed  heat  transfer  measurements  at 
axial  wall  station  locations  have  been  provided  by  highly  instrumented 
water-cooled  segment  testing  daring  this  program  and  related  programs. 

Data  were  developed  by  calorimetric  measurement  of  water  temperature  rises 
for  a  range  in  chamber  pressure  of  150  to  1580  psia  and  a  mixture  ratio 
range  cf  5-51  to  9-71  in  170  tests. 

(c)  Data  of  the  axial  heat  flux  distribution  vs  length  are  shown  in 
Fig.  79  for  a  nominal  MR  =  6:0.  The  nearly  proportional  increase  of 
local  heat  flux  with  chamber  pressure  is  shown.  Isolation  of  the  peak 
heat  flux  to  a  local  region  in  the  throat  vicinity  is  also  illustrated. 

(C)  Experimental  heat  flux  data  (Fig.  80)  defined  a  slope  of  0.8  with 
ch.mber  pressure,  which  confirms  that  a  turbulent  boundary  layer  exists 
in  the  throat  region.  This  results  in  an  excelleut  throttling  capability 
over  the  planned  5:1  range  because  of  the  nearly  linear  reduction  of  heat 
flux  with  chamber  pressure.  Throat  hect  flux  is  shown  to  vary  from 
58  Dtu/in.  -sec  at  a  1500-psia  chamber  pressure  to  15  Btu/in."-sec  at 
the  300--p8ia  throttled  condition.  A  mixture  ratio  of  6;0  is  shown  to 
result  in  the  peak  heat  flux  input  to  the  thrust  chamber  wall  surface 
as  predicted  by  experimental  and  theoretical  predictions,  shown  in 
Fig.  81,  At  mixture  ratio  values  below  and  above  6:1,  the  combustion 
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Figure  81.  Effect  of  Mixture  llaiio  on  Throat  Peak  Heat  Flux  With 
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gas  enthalpy  decreases  vith  an  attendant  related  decrease  in  heat  transport 
enthalpy  from  the  combustion  gas  to  the  chamber  vail  surface.  Consequently', 
off-design  operation  at  the  low  mixture  ratio  side  poses  no  problems  due 
to  rapidly  decreasing  wall  temperatures.  Operation  at  a  high  mixture 
ratio  (MR  =  7.0)  will  theoretically  result  in  a  nearly  constant  wall 
temperature  because  the  decrease  in  heat  flux  and  boundary  layer  re¬ 
sistance  is  approximately  proportional  to  the  decrease  in  fuel  flowrate. 
Variation  of  theoretical  relative  coolant  mass  velocity  and  flow  areas 
required  are  shown  in  Fig.  82. 

(u)  Confirmation  of  the  water-cooled  testing  integrated  heat  input  value 
for  the  combustion  zone  and  throat  region  has  been  provided  by  the  tube- 
wall  segment  tests  of  Task  II.  The  excellent  agreement  with  the  heat 
inp’t  data  for  both  the  hydrogen-cooled  copper  and  nickel  tube-wall 
chambers  is  illustrated  in  Fig.  83.  The  anticipated  slightly  higher 
heat  input  values  shown  for  the  copper  tube-wall  segment  are  due  to  the 
lower  wall  temperatures  provided  by  a  higher  wall  thermal  conductivity. 
Approximately  60  percent  of  the  total  heat  input  profile  (excluding  the 
nozzle  region,  including  the  highest  heat  flux  regions  of  the  combustor 
and  throat)  has  been  verified  during  this  program. 
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(U)  Coolant  Heat  Absorption.  Retailed  analysis  and  experimental 
study  of  the  influences  of  tube  internal  surface  roughness  and  throat 
region  tube  curvature  on  the  enhancement  of  the  hydrogen-cooling  capability 
were  carried  on  during  the  program.  Substantial  improvements  in  the 
hydrogen-cooling  capability  (Nusselt  number),  expressed  in  the  equation 
below 


=  0.025  (N, 
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RELATIVE  COOLANT  MASS 

RELATIVE  COOLANT  FLOW  AREA  VELOCITY  REQUIREMENTS 


Figui’e  8i!.  Effect  of  Mixture  Ratio  on  Cooiant  Mass  Velocity  and  Flow 

Area  llcqui rcuients  0^/H^,  1500  P  >  Constant  Combustion  Gas 

Flowrate  0.008  Inch‘'347  CUES  TuSe,  T  =  l600  F 

’  wg 
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HEAT  TRANSFER  RATE.  BTU/SEC 


CHAMBER  PRESSURE,  PS  I A 


ligure  83*  Contoured  Tube  Overall  Heat  Input  Characteristics 
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arc  provided  by  the  curvature  and  roughness  factors  <f)  and  Figure 

64  illustrates  the  variation  in  curvature  enhancement  piedicted  with 
tube  turn  L/D.  Improvements  of  40  to  50  percent  over  the  noncurved  tube 
case  are  noted  for  the  outer—  and  inner-body  design,  respectively. 

Figure  85  illustrates  the  impro%’^emcnt  factor,  predicted  for  the 
proposed  tube  internal  surface  roughness  and  coolant  mass  velocity. 

With  the  natural  tube  manufacturing  roughness  and  the  tube-tapering  and 
forming  effects  of  fabrication,  a  considerable  enhancement  factor  is 
predicted. 

(U)  Experimental  values  of  the  inner-  and  outer-body  tube  combined 

roughness  and  curvature  factors  vere  determined  in  Task  II,  Thrust 

c  t 

Chamber  Cooling  Investigation.  At  the  throat  locations  indicated  for 
the  inner  and  outer  body,  combined  factor  experimental  values  of  3.0 
and  2.5  are  found.  These  are  somewhat  higher  than  the  respective  values 
of  2.0  and  1.85  which  were  predicted  earlj'  in  this  effort.  However, 
the  lower  predicted  values  have  been  used  for  the  Demonstrator  Module 
design,  thereby  providing  an  added  design  margin.  Curvature  enhance¬ 
ment  effects  on  the  wall  temperature  for  the  inner  and  outer  body  of 
the  demonstrator  are  shown  in  Fig.  86-  A  reduction  in  wall  temperature 
of  over  300  F  as  a  result  of  the  curvatui’e  enhancement  is  shown. 


(U)  Wall  Thermal  Conduction.  Selection  of  Nickel  200  as  a  tube- 
wall  material  for  the  Demonstrator  Engine  was  based  partly  upon  long¬ 
life  characteristics  discussed  in  the  Tube  Material  Selection  section 
of  this  report.  However,  from  a  heat  transfer  standpoint,  the  allow¬ 
able  wall  temperature  of  1520  F,  combined  with  the  excellent  thermal 
conduction  (2.5  times  that  of  347  CRES) ,  is  very  advantageous  in  main¬ 
taining  coolant  velocity  conditions  below  a  Mach  number  of  0.5  to  pre¬ 
vent  coolant-flow  choking. 
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COOLANT  CURVATURE  ENHANCEMENT  FACTOR 


COOLAMT  SIDE  ROUGHNESS  ENHANCEMENT  FACTOR  ) 


Figure  8.5*  Coolant-Side  Roughness  Enhancement  Factor 
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GAS  WALL 

TLMPERATUftE,  r  GAS  WALL  TEMPERATURE, 


CURVATURE  ENHANCEMENT  (<t> 


CURVATURE  ENHANCEMENT 


Figure  86. 


Gatj-Wall  Temperature  vs  Coolant  Curvature  Enhancement 


(U)  The  theoretical  predictions  for  the  ges-side  heat  flux  and  the  cor¬ 
responding  coolant-side  film  coefficient  relationships  for  the  analysis  of 
the  demonstrator  design  conditions  are  diflCUBsed  presently. 


(U)  Heat  Transfer  Design  Conditions.  The  thrust  chamber  tube  geom¬ 
etry  has  been  optimized  on  the  basis  of  the  most  current  heat  transfer 
data,  both  analytical  and  experimental,  obtained  during  the  program.  All 
analytical  correlations  have  been  checked  against  the  test  data,  and  this 
information  has  been  used  to  make  refinements  in  the  cooling  system  to 
ochie%'c  a  minimum  coolant  pressure  loss. 

(c)  The  ccrabustion  zone  tube  geometry  has  been  optimized  at  the  maximum 
heat  flux  condition  (MR  =  6)  lor  the  25RK  Demonstrator  Module.  The  pro¬ 
cedure  used  involves  achieving  a  wall  thichneas  and  tube  flow  area  tliat 
yields  a  maximum  wal?  temperature  that  is  consistent  with  life  cycle  re¬ 
quirements  and  is  capable  of  withstanding  the  internal  pressure  stresses. 
The  minimum  tube  flow  area  occurs  at  the  throat  and  must  be  designed  for 
a  1500-p8ia  chamber  pressure  and  a  mixture  ratio  of  6.0.  The  nozzle  tube 
geometry  designed  for  the  nominal  chamber  conditions  must  be  modified  to 
accept  heat  flux  levels  predicted  for  sea  level  operation  at  throttled 
conditions.  Because  of  recompression  effects  at  sea  level,  the  maximum 
heat  flux  on  the  nozzle  is  nearly  independent  of  chamber  pleasure  with  the 
location  of  the  peak  heat  flux  shifted  toward  the  throat  as  chamber  pres¬ 
sure  is  decreased.  Since  the  impingement  point  shifts  with  chandler  pres¬ 
sure,  the  maximum  design  condition  for  each  chamber  pressure  must  be  in¬ 
corporated  into  the  tube  design  at  all  axial  locations. 


Inner-Body  Tubes.  The  dcsigu  of  the  inner  body  must  be  divided 
into  two  parts.  The  portion  of  the  inner  body  downstream  of  the  shroud 
exit  ia  to  be  designed  to  meet  sea  level  operation  over  the  full  range  of 
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chamber  pressure  (principally  between  300  and  GOO-psia  P^)  at  MR  -  7.0. 

The  throat  and  combustion  zone  are  designed  for  1500-p8in  P^,  MR  =  6. 

(C)  The  inner-body  design  parameters  are  shown  in  Fig.  87  through  89  . 

The  heat  flux  profiles  for  both  inner  and  outer  bodies  are  shown  in  Fig. 

•> 

87.  The  peak  heat  flux  at  the  throat  is  58  Dtu/in, “-sec ,  based  on  1500- 

psia  P^,  Mil  =  6.0,  100-perceat  Tj  The  heat  flux  profile  between  the 

injector  and  threat  is  based  on  2. 5K  solid-wall  data  and  has  been  verified 
in  terms  of  overall  heat  load  by  the  2.5K  copper  and  nickel  tube-wall  test 
data  shown  previously.  Theoretical  nozzle  heat  fluxes,  based  on  aerodynamic 
analysis,  are  about  the  same  at  nominal  conditions  and  throttled  sea  level 
conditions,  making  the  latter  a  more  severe  cooling  problem  because  of 
less  coolant  flow  at  lower  chamber  pressure. 

(c)  Figure  88  shows  the  nozzle  contour,  the  hydrogen  bulk  temperature 
profile  at  1500-psia  P^  (HR  =  6),  and  the  gas-side  wall  temperature  pro¬ 
files  at  sea  level  and  vacuum.  About  60  percent  of  the  bulk-temperature 
rise  is  seen  to  occur  between  the  injector  and  shroud  exit  piano  when 
operating  at  ISOO-psia  P^  vacuum. 

(c)  Under  vacuum  conditions,  the  maximum  wall  temperature  occurs  in  the 
throat,  where  the  design  temperature  is  1450  F,  The  combustion  zone  is 
designed  for  a  1250  F  wall  temperature.  It  is  seei  that  the  throttled 
condition  in  a  vacuum  results  in  lower  wall  temperatures  than  the  nominal 
1500-p8la  chamber  pressure  condition.  However,  at  sea  level,  the  nozzle 
wall  temperatures  approach  1450  P,  based  on  the  current  theoretical  analysis 
of  the  recompressiou  strengths  and  locations,  and  the  resulting  heat  fluxes. 
The  wall  temperature  peaks  match  the  heat  flux  peaks  in  Fig.  87,  which,  in 
turn,  line  up  with  recompression  zones  at  a  chamber  pressure  of  300  psia. 

The  first  and  strongest  recompressiou  is  seen  to  occur  within  4  inches  of 
the  shroud  exit  plane  at  a  300-p8ia  chamber  pressure. 
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(c)  The  coolant  mnsa  velocity  profile  is  shown  in  Fig.  89  for  the  nominal 

2 

operating  condition.  The  mass  velocity  peak  value  of  12.3  Ib/in.  -sec 
occurs  in  the  throat  and  is  based  on  1^0  chamber  pressure  operation  with 
a  coolant  curvature  enhaucement  of  1.5  at  the  turut<t, 

(u)  The  coolant  total  pressui’e  profile  is  also  showii  in  Fig.  89*  There 
is  about  a  50-psi  loss  in  the  first  15  inches  of  tube.  The  principal 
pressure  drop  occurs  in  the  throat  (about  150  pai)  with  about  60  pai  in 
the  straight  section  of  the  combustion  zone. 

(c)  As  indicated  earlier,  higher  heat  fluxes  occur  at  sea  level  because 
of  rccompression  regions  on  the  spike.  V/hile  this  results  in  higher  wall 
temperatures,  it  also  results  in  higher  hydrogen  bulk  temperatui’ee. 

Figure  90*  shows  the  coolant  bulk  temperature  profile  for  a  chamber  pres¬ 
sure  of  300  and  mixture  ratio  of  7  under  vacuum  and  sen  level  condition!. 
The  inner  body  tube  exit  temperature  is  predicted  to  be  375  R  (Fig.  08) 
in  vacuum  at  nominal  conditions.  This  increases  to  about  520  H  and  800  11 
at  a  chamber  pressure  of  300  paia  for  vacuum  and  seal  level  operation, 
respectively.  This  increase  in  hydrogen  temperature  will  affect  inner 
and  outer  body  wall  temperatures  and  pressure  drops,  as  well  as  injector 
pressure  drop.  The  difference  in  bulk  temperature  between  vacuum  and 
sea  level  operations  becomes  less  at  lower  mixture  ratios  and  high  chamber 
pressures  because  of:  (l)  more  coolant  flow,  (2)  peak  nozzle  region  heat 
flux  is  nearly  independent  of  chamber  pressure,  and  (3)  less  of  the  nozzle 
is  affected  by  rccompression  zones. 


('T)  Outer-Body  Tubes.  Sea  level  operation  should  not  affect  the  heat 
fliu  profile  for  the  outer  body  (Fig.  8?)  except  at  the  very  shroud  exit 
for  the  required  engine  throttling  range.  The  outer  body  ojierating  condi¬ 
tions  are  shown  in  Fig.  91  and  92. 
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(c)  The  combustion  chamber  gas  vail  ioiD}icraturc  profile  shown  in  Fig.  91 
is  similar  to  that  for  the  iimcr  body  upstream  of  tlic  throat,  with  a  design 
value  of  1250  F.  However,  the  maximum  coolant  mass  velocity  in  Fig.  92  is 
limited  on  the  outer  body  by  choking  considerations.  A  mass  velocity  of 
10.5  Ib/in.  -see  was  chosen  which  provides  a  penlt  coolant  Mach  number  of 
0.|;0  for  a  coolant  throat  bulk  temperature  of  520  11  (Fig,  91 )  and  tube 
exit  pressui'c  of  approximately  1800  psi.  Based  on  this  mass  velocity, 
the  throat  wall  tempera-ture  is  approximotcly  1520  F,  assuming  a  curvature 
enhancement  of  1.4  for  the  shifted  throat  design.  This  curvature  value 
is  based  on  the  ratio  of  film  coefficients  between  the  outside  and  inside 
of  the  curve  as  mcasuj'od  in  heated  tube  tests  discussed  previously. 

(u)  The  pressure  drop  shown  in  Fig.  92  is  somewhat  higher  for  the  outer 
body  than  the  inner  body  because  of  the  slower  expansion,  higher  hydrogen 
bulk  temperature,  and  lower  coolant  pressure. 

(C)  The  hydrogen  temperature  at  the  injector  is  shown  in  Fig.  93  as  a 

function  of  chamber  pressure  and  mixture  ratio.  For  a  mixture  ratio  of 

6.0,  the  injection  temperature  is  approximately  6OO  It  at  full  thrust 

and  790  It  at  300  for  vacuum  operation.  At  sen  level,  the  temperature 

becomes  IIO5  R  for  MR  =  6.0  and  1250  R  for  MR  =  7.0  at  30O  P  .  The  bulk 

c 

temperature  of  the  hydrogen  at  =  3OO  psia  and  Mil's  =  5,  6,  and  7  is 
shown  in  Fig.  94. 


(C)  Subsonic  Struts.  Because  the  subsonic  struts  are  made  of  copper, 
the  maximum  gas  wall  temperutiue  is  limited  to  1000  F.  The  heat  flux  in 
this  region  of  the  chamber  is  quite  low  (23  13tu/in.^  end  there  is  therefoje 
no  difficulty  in  cooling  the  struts  with  only  25  percent  oi  the  hydrogen 
flow.  The  selected  orientation  for  the  baffle  cooling  pnsseges  is  parallel 
to  the  flow  of  hot  gases,  which  results  in  a  cooling  pressure  drop  of  104 
psi  including  frictional,  rounded  ent.-ance,  and  exit  losses.  The  inlet 
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bulk  temperature  for  the  design  condition  (P^  =  1500,  Mil  =  6)  is  300  R 
vith  a  temperature  rise  through  the  strut  circuit  of  155  R- 
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intercepting  the  flow  from  the  inner  body  tubes  and  passing  through  the 
strut  seat  transfer  passages.  The  data  shown  in  Fig.  95  ®“d  96  were 

used  to  determine  the  pressure  losses  through  the  seat  and  to  size  the 
transfer  passage  areas. 


(U)  Combustor  and  Nozzle  Alternatives  Studied.  Tradeoff  studie;  were 
conducted  to  select  the  support  structui'e  material,  the  support  structure 
assembly  technique,  tlie  cooling  circuit  dcsigi  ,  and  the  possible  incorpora¬ 
tion  of  a  tube  splice  in  the  inner  body  nozzle.  These  are  discussed  in 
the  following  paragraphs. 


(U)  Support  Structure  Material.  The  chamber  wall  structure  has  been 
defined  as  titanium  alloy  (6A1-4V).  Nickel  coolant  tubes  will  be  brazed 
to  a  thin  nickel  backup  member  (either  bands  or  a  complete  sheet),  which, 
in  turn,  will  be  epoj.>-bonded  to  the  titanium  structural  v'iill.  Ir.  addi¬ 
tion,  the  chamber  walls  wili  be  linked  together  Lj'  bolting  through  the 
40  chamber  baffles.  This  structural  tic  will  maintain  tne  throat  gap 
within  acceptable  limits  during  firing,  and  will  result  in  a  significantly 
lover  chamber  weight  over  an  unlinked  design. 

(U)  This  design  approach  resulted  from  a  parallel  and  competitive  design 
study  which  compored  a  conventional  Inconel  718  structure  (Fig.  97  )» 
and  riiore  advanced  sXructuial  concepts  of  honeycomb  (Fig,  98  ),  find  press 
difi 4.8 ion-bonded  titanium  (Fig.  99)  with  the  selected  configuration 
(Fig.  67,  page  I63).  The  crite-ria  for  selection  in  this  design  study 
Wore  wtight,  manufacture  and  tssembly,  cost,  and  experience.  The  con¬ 
clusions  are  presented  in  Table  25.  The  more  advartcod  honeycomb  and 
diffusion-bonded  titanium  designs  will  require  4\eve iopuient  of  the  specific 


Figure  98.  Demonstrator  Chamber  Study  (Honeycomb  Structure) 
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fabrication  method,  which  would  require  more  time  «hajj.  nvnilnble  for 
the  demooBtrntor  module.  "Picy  were,  therefore,  eliminated  for  the 
demonstrator  and  20K  segment.  They  do  point  out  the  poteiitirl  of  ad¬ 
vanced  fabrication  techniques  for  the  Flight  Module. 


(U)  Titoniutu  was  selected  for  the  chamber  xrall  structure  because  of  its 
exXiremeiy  nigii  s creugcii— t>o— woi^dic  rai.io.  A  weight  saving  cf  appvoAitnatcly 
200  pounds  car  be  realized  with  titanium  over  an  INCO  718  configuration. 
Fabrication  of  the  titanium  wall  will  be  achieved  by  machining  a  ring 
forging  to  the  configuration  required  to  yield  the  highest  strength-to-  ■ 
weight  design.  This  method  was  selected  over  a  machined  and  welded  assem¬ 
bly  because  it  can  be  designed  to  higher  stress  levels  because  of  the 
absence  of  welding. 


(C)  TABlfi  25 
DESIGN  COMPARISON  STUDY 


Desigr. 

Chamber 

Weight 

Experience 

Manufacture  and 
Assembly 

Cost 

Machined 
INCO  718 

990 

Stato-of-the-Art 

Difficult  to  machine 

Moderate 

Machined 

Titanium 

750 

Semiadvanced 

New  assembly  tech¬ 
niques  required  for 
epoxy  essembly 

Moderate 

Titanium 

Honeycomb 

650 

Advanced 

Difficult  to  machine 
and  assembly 

High 

Diffusion- 
Bonded 
Honeyc  omb 

600 

Advanced 

Extremely  difficult 
tc 

High 

(ll)  Assembly  Techniques.  An  assembly  concept  using  360~degree  con¬ 
tinuous  titanium  structure  for  inner  and  outer  bodies  und  segmented  tube 
sections  was  compared  to  the  chosen  360~degree  brazed  tube  bundle  and 
segmented  titanium  structure.  The  former  combination  made  mandatory  braze 
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Rud  weld  operations  after  adhesive  application  and  magnified  segment  tol¬ 
erance  and  fit-up  problems.  Until  technology  in  these  areas  is  advanced, 
the  adoption  of  the  potentially  lower-cost,  segmented-tube  bundle  concept 
will  be  deferred. 


(u)  Mechanical  joining  of  segments  has  been  Buuotituted  for  the  electron- 
beam  welding  which  had  been  considered  earlier.  Ihis  was  done  despite  a 
potential  weight  increase,  because  of  manufacturing  and  processing  prob¬ 
lems  defined  in  a  more  detailed  investigation.  Among  these  are  dimensional 
control  of  the  segment  fit  to  ensure  a  satisfactory  joint  penetration  con¬ 
trol  of  the  electron  beam  to  preclude  adhesive  and  tube  damage,  and  control 
of  the  welding  atmosphere  in  the  presence  of  adhesive  to  ensure  a  sound 
joint.  The  mechanical  joint  contemplated  employs  tensile  bolts  between 
the  titanium  segment  flanges  and  line-drilled  shear  pins  for  alignment 
and  shear-carrying  capability. 


(u)  Two  concepts  (Fig.  100 )  were  studied  for  the  structural  tie  between 
the  inner  and  outer  bodies.  The  first  was  the  selected  tie  through  the 
chamber  taffies,  while  the  second  was  to  employ  separate  structural  ties 
in  the  subsonic  portion  of  the  combuntor  inmcdiately  upstream  of  the  throat 
(Fig.  100a).  Chamber  stability  baffles  would  still  be  required  with  this 
design. 

(C)  The  initial  results  of  this  study  indicated  that  80  subsonic  ties 
together  with  40  stability  baffles  would  yield  the  lightest-weight  chamber 
ttaaomiiiy^  Dct-silcd  d0sign  and  analysis  Fsvsalsd  that'  with  80  prploaded 
ties,  the  predicted  weight  increased,  while  the  amount  of  chamber  blockage 
increased  the  heat  flux  on  this  tie  from  approximately  15  Btu/in.  -sec 
to  28  Btu/in.  -sec,  and  therefore  increased  the  coolant  pressure  drop 
requix'ed  to  cool  the  tie.  Furthermore,  with  both  a  subsonic  tie  and  a 
stability  baffle  to  cool,  the  hydrogen  coolant  circuit  became  undeairably 
complex.  For  these  reasons,  the  80  separate  structural  tie  design  was 
abandoned  in  favor  of  using  bolts  through  the  40  baffles. 
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(u)  Coolant  Circuit  Alternatives.  Se-v«M’al  difi'erent  cooling  circuit 
designs  were  studied  before  the  final  scries  circuit  vu.'.  sciictcd.  The 
two  in  tial  candidates  were  a  separate  baffle  cooled  with  the  flow  inter-- 


V,.  *1.-  v-ffi- 


S6o  t 


crossing  over  to  the  outer  body  through  the  injector  (>’ig.  IOaA)  n:.xd  an 
integral  baffle  cooled  by  all  of  the  fuel  collected  in  a  otnifold  ir  tf  v‘ 
injector  (Fig.  lOlA).  These  two  designs  are  shown  together  with  the  final 
design  in  Fig.  lOlB).  The  final  design  incorporates  a  separate  baffle  with 
ell  of  the  flow  cyossing  over  from  the  inner  body  to  the  outer  body  through 
the  baffle  and  using  a  portion  of  this  flow  to  cool  the  baffle.  The  cir¬ 
cuit  AP's  shown  in  Fig.  101  represent  the  increase  in  cooling  circuit 
pressure  loss  over  a  reference  circuit  which  has  no  baffles.  The  selected 
circuit  combines  the  most  desirable  features  of  the  two  configurations  shown. 
In  this  design,  both  the  pressure  drop  and  bulk  temperature  rise  of  the 
separate  flow  paths  have  been  balanced  before  they  are  combined  in  cooling 
of  the  outer  wall  immediately  upstream  of  the  throat.  Furthermore,  the 
baffle  is  separated  from  the  injector  assembly,  which  ensures  easier  in¬ 
stallation  of  the  injector  on  the  chamber  %mll  a  ambly,  and  the  injector 
is  smallc  because  it  does  not  have  to  provide  room  for  crossover  passages. 


(U)  Tube  Splice.  Two  configurations  were  considered  for  the  inner 
tube  wall:  4240  single  tubes  extending  from  injector  end  to  the  exit,  and 
4240  single  tubes  in  the  combustor  to  a  point  approximately  4.0  inches 
downstream  of  the  throat,  which  are  then  spliced  (two  to  one)  to  2120  tubes 
extending  to  the  exit.  Both  configurations  were  evaluated  with  respect  to 
pressure  drop,  fahricahi lity,  weight,  and  cost  with  the  following  results. 


(c)  The  use  of  single  tubes  extending  the  full  length  of  the  inner  chamber 
wall  imposes  a  pressure  drop  penalty  of  100  psi  over  the  spliced  configura¬ 
tion,  In  addition,  the  "splice"  subassembly  affords  a  weight  reduction  of 
approximately  50  pounds.  These  advantages  are  tempered,  however,  by  added 
fabrication  and  tooling  cost>;  required  to  braze  and  flow'  check  the  three- 
piece  subassembly  in  addition  to  each  individual  section.  The  2:1  splice 
joint  configuration  shown  in  Fig.  67  and  located  approximately  4.0  inches 
below  the  throat  plant  was  selected  for  the  inner  wall  of  the  Demonstrator 
Module  thrust  chamber  based  on  pressure  drop  and  weight  factors. 
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Figure  101.  250K  Flov  Circuits 


(U)  Inicotor  Dcflign  Description.  Tlic-  injector  torms  the  forward  cloaure 
of  the  combustion  chamber  and  is  an  aaacmbly  of  copper-orifice  strips, 

LOg  and  GII^  pro|  ;llunt  manifolding,  and  a  atructuriil  body  (Fig.  6?  ). 

(TJ)  The  injector  is  designed  to  resist  thermal  contraction  loads  by 
piloting  on  the  upper  seal  rings  of  inner  and  outer  bodies.  Internal 
pressure-separating  loads  are  carried  through  the  attaching  bolts  to  tiie 
inner  and  outer  bodies.  External  loads  induced  by  differential  thrust 
arc  taken  through  the  subsonic  struts,  and  thus  do  not  affect  the  injector. 
Several  configurations  were  considered  for  the  Demonstrator  Module  injector, 
all  of  which  were  based  on  the  40~coicpar{,mcnt  combustor  and  the  orifice 
strip  design  dcmoxiotratcd  during  Task  II  testing.  The  design  aspects  of 
the  selected  injector  are  shown  in  Table  26. 

(C)  TilBLE  26 
I.MJECTOR  DESIGN  I’AlLVMETEltS 


Mean  Iigector  Diameter,  inches 

93.0 

Injector  Face  V7idth,  incho.s 

2.0 

Number  Injector'  Compartmentt) 

40 

Number  Strips  Per  Cwinpartmeut 

6 

Total  Nuitiber  Injector  Strips 

240 

Diameter,  Fuel  Orifices,  inch 

0.085 

Diameter,  Oxidizer  Orifices,  inch 

0.040 

Injection  Pattern 

Triplet,  two  oxidizoi' 

(c)  The  injector  face  is  divided  into  4(/  ecm[>&r tments ,  2  inches  wide  by 
7  inches  long,  physically  seporsted  by  structural  subsonic  struts  when 
assembled  to  the  thrust  cbaofbev.  Eecb  compartment  thus  formed  is  composed 
of  six  copper  strips  (wbicli  contain  b  )tii  and  LH,,  injection  orifices) 
extending  radially  across  the  width  of  the  combustor  comportment.  Figuie 
102  is  a  detail  drawing  of  the  Demcnatrator  Engine  Injector  Assembly. 
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Figure  102A.  250K  Demonstrator  Engine  Injector  Assembly 
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(c)  The  injector  face  pattern  is  sinilar  to  those  used  in  Phase  I.  Each 
strip  contains  eight  triplet  patterns  (two  oxidizers  on  one  fuel). 
is  injected  through  the  center  of  each  orifice  &..rip  from  the  apex  of 
the  "steeples."  Tv/o  LO^  orifices  in  the  flat  surface  on  either  side 
direct  oxidizer  which  impinges  with  LH^  streams  O.I6O  inch  downstream  of 
the  "steeple."  The  triplet  pattern  formed  utilizes  the  injected  hydro¬ 
gen  to  atomize  the  LO^  streams  through  shear  action  (momentum  exchange). 
The  raised  "steeple'  prevents  injector  face  burning  by  reducing  hot-gas 
recirculation  against  the  face.  The  "baffle"  effect  formed  by  this 
geometry  is  also  an  aid  in  stabilizing  combustion. 

(U)  Electrical  discharge  machined  flow  passages  in  the  injecter  body 
connect  the  fuel  and  oxidizer  manifolds  directly  to  the  orifice  strips. 
Entrance  to  the  LO^  toroidal  manifold  is  made  through  two  tangential 
inlets  to  ensure  good  distribution  under  all  operating  conditions.  The 
smaller  LH^  toroidal  manifold  is  fed  by  40  "riser"  tubes  bringing  flow 
from  the  outer  body  exit  manifold.  The  LO^  toroidal  manifold  is  fabri¬ 
cated  from  INCO  718  shells  welded  to  the  central  body. 

(u)  Fuel  transfer  holes  are  provided  in  the  central  body  through  which 
jacket  coolant  flows  from  the  inner  body  to  the  outer  body.  These  pas¬ 
sages  are  located  over  each  strut  between  compartments.  A  small  deflector 
on  the  outboard  side  aids  in  curbing  the  flow  with  minimum  turbulence. 

(U)  Provision  is  made  on  the  injector  body  in  a  manner  similar  to  that 
used  on  Task  II  hardware  for  installation  of  instrumentation  in  critical 
locations.  Oxidizer  manifolding  will  contain  bosses  for  installation  of 
such  instrumentation  to  record  inlet  pressures  and  temperatures  and  gra¬ 
dients  from  inlets  to  the  remotest  distribution  point.  Provision  for 
recording  chamber  pressure  in  several  compajrtments  is  made  through  a 
hydrogen  strip  by  means  of  0.125  diameter  pressure  probes,  secured  to  the 
body  exterior.  The  probes  are  inserted  through  the  body,  an  electrical 
discharge-machined  (EM)  fesd  slot,  and  through  the  strip,  and  then  are 
sealed  against  external  leakage. 


(U)  Injector  Assembly  Analysis.  An  experimental  study  vas  conducted 
(using  2.51^  toroidal  combustion  chamber  segments  that  resulted  in:  (l) 
achievement  of  performance  and  operational  goals,  and  (2)  selection  of 
an  injector  pattern  for  a  full-scale  (25OK)  injector  design  for  the 
Aerospike  Engine.  The  pattern  chosen  was  the  result  of  experimental 
screening  through  hot  firing  of  numerous  candidate  injectoi'  patterns, 
all  of  which  were  applications  of  basic  injector  design  principles  to 
the  requirements  listed  in  Table  27-  Further  design  considerations  of 
the  injector  and  the  LO^  manifold  are  discussed  in  the  following 
paragraphs. 


(C)  TABLE  27 

DESIGN  REQUIREMENTS— INJECTOR 


c*  Efficiency 

at  Maximum  Thrust  f250K  at  MR  =  6:l) 

99.6 

at  Minimum  Thrust  (50K  at  MR  -  6:l) 

98.5 

Propellant 

Oxidizer 

Fuel 

Oxidizer  Flowrate,  Ib/sec 

Maximum 

5‘13.6 

Minimum 

90.4 

Injector  Inlet  Pressure,  Oxidizer,  psia 

Maximum 

2126 

Minimum 

335 

Fuel  Flowrate,  Ib/sec 

Maximum 

86.2 

Minimum 

14.0 

Injector  Inlet  Pressure,  Fuel,  psia 

Maximum 

2053.0 

Minimum 

396 

Ignition  Medium 

Hot  gas 

Ignition  Flowrate,  Ib/sec 

3.69 

mmi 
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(c)  In.jector  Performance.  By  use  of  a  fan  triplet,  pattern,  c* 
efficiencies  greater  than  98  percent  at  lev  chamber  pressures  (325  to 
937  psia)  and  better  than  99  percent  at  high  chamber  pressures  (up  to 
1500  psia)  were  demonstrated  with  strip  injectors  in  the  2.5K  segment 
tests  in  Task  II,  "Injector  Performance  Investigation." 

(U)  Ignition  and  Tapoff  Considerations.  The  injector  was  designed 
on  the  basis  of  requirements  -iniposed  by  the  use  of  hot-gas  tapoff  and 
ho-t-gas  ignition.  Th.5  injector  design  selected  is  ideal  in  this  respect 
in  that  the  orifices  in  each  strip  adjacent  to  the  struts,  through  which 
the  hot  gases  flow,  can  be  adjusted  to  provide  a  low  mixture  ratio  bias 
for  low-temperature  tapoff  gases  and  yet  not  obstruct  the  hot-gas  ignition 
source.  This  strip  adjustment  was  initially  accomplished  by  plugging  LO^ 
orifices  and  adding  hydrogen  orifices.  Further  adjustment  of  these  features  « 
and  of  stream  location  and  angle  is  possible.  Since  these  changes  are  made 
on  only  two  strips  per  compartment,  and  in  a  local  zone,  no  significant 
change  in  overall  performance  results  is  anticipated. 


(U)  Stability  Considerations.  Combustion  stability  is  an  important 
criterion  for  injector  design.  In  general,  three  types  of  combustion 
instability  can  be  identified  as  oscillations  driven  by  energy  sources 
in:  (1)  the  combustion  chamber  alone  (so-called  acoustic  instability), 

(2)  the  feed  system  alone,  and  (3)  both  of  these  subsystems  with  coupling 
between  them  (so-call'd  chugging  instability).  The  first  and  third  types 
are  not  only  the  most  frequent,  but  can  be  influenced  by  the  injector  design. 

(c)  Because  of  the  short  length  of  the  annular  combustion  chamber,  cross- 
sectional  modes  of  acoustic  instability  are  all  of  such  high  frequencies 
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that  they  are  not  expected  to  occur.  The  first  longitudinal  mode  for  the 
6-inch-long  chamber  is  approximately  5500  cps;  liquid  rocket  instabilities 
at  frequencies  greater  than  4f>00  cps  are  usually  nonexistent.  No  instances 
of  sustained  cross-sectional  modes  have  been  recorded  in  all  annular  com¬ 
bustion  chamber  bests  accomplished  to  date. 

A 

(c)  Circumferential  (race  track)  modes,  which  are  acoustic  instabilities 
of  the  lowest  frequency  that  can  occur  in  an  annular  combustion  chamber, 
have  been  computed  to  be  approximately  220  cps,  based  upon  a  mean  diameter 
of  93  inches  and  a  sonic  velocity  of  5500  ft/sec  for  the  combustion  gas. 
Higher-order  resonances  will  have  frequencies  which  are  integral  multiples 
of  220  cps.  It  is  in  this  mode  that  an  injector  design,  if  prone  to  acous¬ 
tic  instability,  will  manifest  itself  in  the  annular  combustion  chamber. 

The  subsonic  struts,  which  are  to  be  used  for  structural  support,  will 
serve  as  damping  devices  for  this  mode. 

(c)  Recent  tube-viall  thrust  chamber  testing  has  also  shown  thrust  chamber 
and  LOg  torus  pressure  oscillations  in  the  220  cps  frequency  range.  Exam¬ 
ination  of  the  torus  pressure  reveals  a  phase  shift  which  definitely  iden¬ 
tifies  a  circumferential  pressure  wave  in  the  system.  The  frequency  of 
220  cps  corresponds  to  a  propagation  time  of  4.5  milliseconds.  Since  LO^ 
has  an  acoustic  velocity  of  3000  ft/sec,  and  the  torus  mean  circumference 
is  24.3  feet,  a  -(vave  propagated  through  the  torus  will  require  approximately 
8.1  milliseconds  to  complete  one  cycle.  The  observed  4.5-millisecond 
propagation  time  is  therefore  a  reflection  of  the  first  acoustic  mode  in 
the  thrust  chamber  combustor.  It  appears  very  probable  that  incomplete 
compartment  separation  was  the  cause  of  the  circumferential  pressure 
oscillations.  The  Demonstrator  Module  will  utilize  the  subsonic  struts 
as  an  integral  part  of  the  structure  and  all  gaps  will  be  closed. 
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(U)  Chugging  instability  is  a  coupled  phenomenon  hetveen  the  thrust  chamber 
combustion  process  and  the  propellant  feed  system.  Of  the  several  types  of 
combustion  instability,  chugging  is  probably  the  best  understood  and  there¬ 
fore  the  easiest  to  predict  and  eliminate.  In  a  thrust  chamber  utilizing 
hydrogen  as  a  regenerative  coolant,  hydrogen  becomes  very  compressible  near 
the  injector  face  and  will  not  participate  in  chugging  instabilities.  The 
oxidizer  then  becomes  the  propellant  which  is  of  interest  when  discustirn, 
chugging.  Chugging  has  bee?i  observed  during  both  solid-  and  tube-wall, 
full-scale  testing. 

(u)  For  the  Demonstrator  Module  injector  configuration,  t'vro  effective 
areas  exist  for  controlling  chugging  threshold.  The  first  concerns  the 
oxidizer  injection  velocity  and  is  often  referred  to  in  terms  of  injector 
pressure  drop.  Increasing  the  velocity  will  reduce  the  chugging  tendency. 

A  second  area  of  effective  control  involves  the  feed  passages  from  the 
oxidizer  torus  to  the  injector.  A  smaller  diameter  increases  the  fluid 
inertance  and  tends  to  decouple  the  combustor  from  the  LO^  torus. 


(u)  LOg  Manifold.  The  design  requirements  for  the  250K  Demonstrator 
Module  LO^  manifold  have  been  developed  based  on  the  following  generalized 
oxidizer  manifold  design  criteria: 


Item 


Criterion 


Oxygen  Quality  for  Ignition 
Differential  Priming  Time 
Design 

Static  Pressure  Distribution 
Torque 

Roll  Impulse  (volume), 
ft-lb  sec 


Gas 

Balanced  ignition 

No  pockets  for  gas  or 
dead  ends 

±4  percent 

No  additional  system 
weight 

1000 


(This  page  is  Unclassified) 
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(c)  These  criteria  are  baaed  on  experimental  cold-flow  (LN^)  and  water- 
flow  results  of  a  full-scale,  four  tangential  inlet  manifold,  and  1/4- 
scale  transparent  models  of  the  four  tangential,  the  two  tangential,  and 
the  two  radial  inlet  types  tested  under  the  NA.SA  System  and  Dynamics 
Investigation  Advanced  Engine  Aerospike.  Based  on  these  criteria,  the 
following  specific  design  requirements  for  the  250K  Demonstrator  Module 
LOf,  manifold  have  been  developed  : 

1.  The  manifold  torus  should  be  a  constant  cross-section  manifold. 

2.  There  should  be  no  dead  ends  in  any  section.  With  a  constant 
cross-section  manifold  this  would  imply  complete  circulation 
from  one  sector  to  the  other. 

3.  The  inlets  should  be  of  the  tangential  type. 

4.  The  number  of  inlets  to  the  toms  depends  on  the  desired  volume 
of  the  manifold,  the  maximum  velocity,  and  the  allowable  differ¬ 
ential  prime  time. 

5.  The  inlets  may  be  located  on  either  the  top  or  the  inside  of  the 
manifold,  and  the  inlet  should  intersect  the  manifold  toms  in  a 
tangential  manner. 

6.  The  inlet  should  have  the  same  diameter  as  the  manifold  torus, 
and  the  transition  zone  between  the  inlet  and  the  torus  should 
occur  in  a  minimum  of  25  degrees  of  arc. 

7.  Central  location  for  the  origin  of  the  inlet  ducts  or  a  uniform 
length  of  all  lines  will  not  be  required.  Acceptability  of  a 
given  design  will  be  based  on  an  evaluation  on  the  individual 
merits  of  the  design.  However,  as  a  general  ground  rule,  all 
inlet  line  configurations  should  have  one-half  engine  symmetry, 
and  the  differential  line  length  betwe-rn  the  shortest  and  longest 
pair  should  not  differ  by  more  than  30  percent. 

8.  To  maintain  a  ±4  percent  static  pressure  distribution,  the  maximum 
manifold  velocity  should  be  60  ft/sec. 


9. 


The  number  of  "downcomers"  will  be  controlled  by  the  injector 
requirements.  For  the  current  injector  design,  tlirce  downcomers 
per  baffled  compartment  sliould  be  employed, 

10.  The  downcomers  should  be  located  in  the  outside  section  of  the 

manifold.  j  . 

11.  The  mass  of  the  manifold  with  res/ect  to  the  vapor-forming 
potential  must  be  considered  and  maintained  at  a  minimum. 

(U)  The  specific  design  requirements  were  based  on  criteria  developed  from 
LN^  cold-flow  testing  of  the  LO.^  manifold.  It  is  possible  that  hot-firing 
engine  data  could  modify  these  criteria,  which  could  lead,  in  turn,  to 
modification  of  the  specific  design  requirements.  One  of  the  more  stringent 
requirements,  from  the  '  .andpoint  of  engine  system  design,  is  the  number 
of  inlets.  In  general,  more  inlets  produce  smaller  manifold  volumes  and/or 
lower  manifold  velocities.  In  addition,  the  greater  number  of  inlets  pro¬ 
duces  the  smaller  differential  prime  times.  (The  differential  prime  time 
is  defined  as  the  time  between  ignitable  quantities  of  oxidizer  discharged 
through  all  orifices.)  WltiJe  there  is  strong  experimental  evidence  to 
indicate  that  the  minimum  number  of  inlets  (from  an  operational  standpoint) 
should  be  no  less  than  four  (and  possibly  more),  final  evaluation  of  both 
the  minimum  number  of  inlets  and  the  minimum  manifold  volume  will  depend  on 
the  complete  hot-firing  test  results. 


(lO  Injector  Alternatives  Studied.  Several  materials  were  appraised  for 
use  as  the  structural  body  of  the  Demonstrator  Kodule  injector.  Design 
considerations  included;  (l)  minimizing  weight,  (li)  providing  assurance 
of  primary  leak  paih  repair  by  hand  brazing,  and  ("5)  minimizing  manufac¬ 
turing  development  by  utilizing  techniques  developed  during  the  Phase  1 
program.  Materials  considered  were  INCb  718,  Inconel  625,  and  CRES  3'i7. 
The  Inconcls  presented  problems  in  either  TIG  braze  repair  or  confidence 
in  attaining  adequate  braze  of  strip  to  body.  CRES  3^7  was  chosen  as 
the  material  offering  the  best  compromise  between  fabricabi iity ,  repair- 
ability,  and  weight. 
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(U)  The  injector  configuration  \7aa  fixed  as  nn  axially  bolted  design  with 
aeperatc  baffles.  The  injector  body  is  held  in  place  by  two  titanium 
retainer  rings  which  ore  axially  bolted  to  the  combustor  bodj’.  The  con¬ 
cept  is  sliown  in  Fi g . 103a  in  comparison  to  on  alternate  method  of  attaching 
the  injector,  as  shown  in  Fig.  103b.  In  the  latter  design,  the  axial  bolts 
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ring  design  was  selected  in  preference  to  the  steel  body  flange  design 


because  of  lower  weight  and  cost  estimates. 


(u)  The  decision  to  use  the  axially  bolted  concept  was  made  after  compari¬ 
son  with  an  integral  baff Ic— injector  design  wliich  utilized  the  upper  struc¬ 
tural  tic  bolt  08  a  shear  connection.  The  integral  concept  provided 
restraint  against  hydraulic  and  pneumatic  sc|iarating  loads  and  offered  a 
potential  large  weight  reduction.  The  concept,  shown  in  Fig.  104,  will 
be  analyzed  for  growth  from  the  bolted  concept  for  application  on  the 
flight  configuration.  Aligiunent,  the  necessity  for  injector  preload  and 
line  drilling  for  installation,  and  questionable  component  interchange¬ 
ability  are  problems  which  must  be  solved  before  this  lightweight  configura¬ 
tion  can  he  adopted. 


(U)  Base  Closure  Description.  The  perforated  base  closure  used  with 
aerospike  thrust  chambers  provides  the  means  for  introduction  and  dis¬ 
tribution  of  turbine  exhaust  gases  into  the  inner-body  base  region  to 
increase  base  thrust.  Criteria  for  design  of  the  base  closure  included; 

1.  Compatibility  with  engine  system  components  regarding  deflections 
and  dimensional  variations  due  to  temperature  and  vibration 

2,  Efficient  dispersion  of  turbine  gas  flow  for  uniform  secondai'y 
flow  injection 
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Injector  Design 


h/2  dia. 
Bolt 


Note:  AISI  347  used  for  injector 
body  in  both  configurationa 


Figure  I03.  Axial  Bolted  Injector  Design  Concepts 


235 


Figure  104.  Integral  Baffle  Injector 


3.  Minimum  weight 

k.  Capability  for  removal  of  cloaure  to  facilitate  component 
acceasibility  and  repair 

5.  Adequate  cooling 

(U)  The  nozzle  base  closure  design  (Fig.  105)  is  a  membrane-type  INCO  718 
structure  using  an  oblate  spheroid  configuration.  This  closure  is  mounted 
directly  to  the  pump  turbine  flanges,  thereby  transmitting  the  closure 
thrust  directly  through  the  pumps  into  the  thrust  structure.  Such  a  design 
minimizes  any  loads  imposed  on  the  thrust  chamber  nozzle  exit.  A  flexible 
omega  joint  seals  the  connection  between  the  bottoTi  of  the  chamber  and  the 
base  closure. 

(U)  The  minor-to-ma jor  axis  ratio  of  the  spheroid  was  selected  after  con¬ 
ducting  a  trade  study  analyzing  pressure  vessel  head  shape  and  weight,  A 
minor  axis  dimension  of  6  inches  was  determined  to  provide  a  minimum  weight 
compatible  with  envelope  considerations.  The  aft  surface  of  the  closure 
extends  5-0  inches  helow  the  nozzle  exit  plane;  however,  this  additional 
height  does  not  affect  the  gimbal  excursion,  while  the  weight  and  internal 
flow'  advantages  offset  the  increased  height. 

(u)  An  internal  bolting  arrangement  betw'een  the  turbine  exhaust  ducts  and 
the  base  closure  flanges  is  used  with  access  provided  by  holes  in  the  shell 
for  intersection  of  the  bolts. 

(u)  The  aft  portion  of  the  shell  is  perforated  with  orifices  that  comprise 
125  sq  in.  of  the  flow  area  (lO  percent  porosity).  A  representative  orifice 
size  and  spacing  would  consist  of  0.257-incb-diamcter  orifices,  0.875  inch 
apart. 


(u)  Base  Closure  Analysis.  Design  studies  were  made  to  determine  the  best 
base  closure  configuration  to  ensure  high  performance  of  the  secondary 
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fJowratc.  Additional  aualysie  vas  made  to  atudy  the  baae  healing  to 
determine  temperature  requiremento  impoecd  upon  the  base  structure ,  These 
studies  are  discussed  in  the  following  paragraphs. 


(u)  Performance  Considerations,  Secondary  gas  flow  is  introduced  in 
the  wake  region  of  separated  supersonic  flow  to  improve  the  interaction 
with  the  surrounding  primary  flow  and  thus  increase  base  pressure.  In  the 
application  of  this  principle  to  the  Aerospike  Engin;,  Rocketdync  experi¬ 
ments  have  been  conducted  under  NASA  Contract  NAS8-19.  This  pi’ogram  under¬ 
took  evaluation  of  bleed  injection  methods,  cavity  depth,  end  base  geometry. 
The  results  of  this  investigation  showed  conclusively  tliat  injection  through 
a  perforated  base  closure  (either  flat  or  curved)  located  at  the  exit  plane 
achieved  performance  equal  to  deep-caviry  injection  ovei  a  wide  range  of 
secondarj'  flowrates,  all  other  nozzle  parameters  remaining  cone j stent  with 
the  principle  of  low  axial  momentum.  In  a  short  distnnee  dovtistrcam  of  the 
closure,  the  gases  from  the  individual  perforal i ons  undergo  a  sudden  expan¬ 
sion,  thereby  ensuring  a  uniform  subsonic  secondary  flow  distribution  in 
the  wake  region  formed  by  the  separated  primarj’  flow. 


(C)  Base  Heating.  The  base  closure  for  the  Acrespike  nozzle  consists 
of  B  perforated  oblate  spiieiuid  tlii uiigh  wijj <;li  the  turbiiic-  gaS  (secondary  , 
flow)  passes.  The  holes  are  spaced  to  produce  recirculatory  flow  of  the 
secondary  gases  in  the  vicinity  of  the  perforated  base,  thereby  protecting 
the  closure  with  a  low-temperature  secondary  flow  blanket.  The  maximum 
secondary  gas  temperature  is  approximately  I3OO  F;  therefore,  the  temperature 
of  the  perforated  base  closvtre  will  not  exceed  this  value.  The  base  surface 
temperatui'e  measured  as  a  function  cf  time  during  uncooled  chamber  testa 
is  shown  in  Fig.  IO6  for  a  zero-base  bleed  coudition.  Maximum  vail  tem¬ 
perature  lor  the  solid  base  closure  (no  secondary  flow)  at  the  end  of  the 
600-millisecond  test  was  200  F,  indicating  no  heating  problems  in  that 
region  as  seen  by  the  small  surface  temperature  rise  vitli  time.  The 
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F-igurc  106.  Base  Closure  Temperature,  Phase  I  Solid  Wall  (Test  No.  000, 

=  900  psia) 

Bemonatrator  Module  vill  operate  with  a  large  base  bleed,  which  is  intro¬ 
duced  in  the  base  cavity.  The  base  bleed  will  consequently  maintain  the 
base  structure  ut  that  temperature. 


(c)  Base  Closure  Design  Alternative  Studies.  The  two  basic  concepts 
studied  for  the  module  base  closure  design  arc  shown  in  Fig.  107  and  108. 
The  first  was  a  conventional  flat  plate  base  closure  (similar  to  that 
used  in  the  experimental  chamber),  attached  rigidly  to  the  thi’ust 
chamber  manifold  at  the  nozzle  exit  (Fig.  107).  A  thrust  load  of  approx¬ 
imately  7400  pounds  would  be  transmitted  through  the  closure  to  the  thrust 
chamber.  The  necessity  of  flexible  connections  between  the  closure  and 
the  pump  turbines  required  the  assumption  that  a  modification  of  the  oxi¬ 
dizer  turbine  flange  was  feasible.  Even  with  the  assumed  diminishing  of 
the  oxidizer  turbine  flange  diameter,  available  space  precluded  the  effec¬ 
tive  utilization  of  a  bellows  section.  A  slip  joint  was  less  desirable 
but  could  be  made  to  fit  in  the  space  limitation.  The  7-inch  depth  of 
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Figure  107.  Flat  Plate  Base  Closure 
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Figure  lOS.  Oblate  Spheroidal  Metcbrane  Base  Closure 


lh(.'  b«^^c  I'losiu'o  was  ilotiMiuiiicil  by  the  nvuiliiblc  geuffiotry.  The  cunf iffurn- 
tidis  it.si.'ll'  LuiiLuisiod  a  flat  piciiri  1  led  baCttia]  plate  and  an  upper  dish- 
siiupcd  plate  of  INCO  71t^.  The  internal  reinforeing  st.iuelure  eonsiated 
of  eight  radial  rib;-  and  Ki  (larliul  radial  riba.  The  iribs  were  comieeted 
by  three  e  i  leiuiilereiitial  rings  at  the  bottom  and  three  eireuniferentiH] 
ribs  nt  the  eop.  All  radial  riba  eoiuniiied  large  orifices  to  allow  the 
distrioution  of  the  iiitertiai  gases.  I’lute  stiess  considerations  iletermined 
’..!r  rib  and  ring  spacing.  The  ostisnated  weight  of  251  pound-s  for  this 
eoiif  igaratiuii  significantly  exceeded  its  budget  lyO  pounds.  I'urthcrmore , 
there  was  difficulty  in  di.spcr.s ing  turbine  gases  because  of  the  restrictive 
iiiternul  structure. 

(U)  The  second  design  was  the  oblate  spheroid  shown  in  Fig.  IO5  and  108. 
This  design  ii'as  selected  over  the  fhat  plate  because  of  its  ability  to 
moot  the  targeted  weight  of  90  pounds  ond  simplified  configuration  elim¬ 
inating  extensive  welding  of  internal  support  structure. 

(U)  Itvo  methods  for  attaching  the  base  closure  to  the  chamber  assembly 
were  evaluated;  (l)  attachment  directly  to  the  chamber  nozzle  with 
expansion  couplings  provided  at  the  turbine  duct  interfaces,  and  (2) 
attaclimcnt  directly  to  the  tiu'bopiunps  wiili  a  flexible  coupling  between 
the  closure  and  nozzle  to  contain  the  secondary  flow  base  pressure  and 
to  provide  an  aft  support  for  the  pumps,  because  of  the  limited  space 
available  between  the  closure  and  turbine  discharge  flanges  and  the 
simplicity  of  design  with  n  rigid  connection  of  the  base  closure  to  the 
turbines,  the  second  configuration  was  incorporated  in  the  final  system 
desigJi. 
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(u)  A  preliminary  design  of  the  engine  iurbomachinery  wus  underteken  to 
catablisii  the  component  performance  ami  weigiit,  to  provide  more  accurate 
envelopes  for  tiie  modulo  design  system  integration,  and  to  define  tlie  re¬ 
quirements  for  long-lead  item;,  vhich  would  require  action  at  the  onset  of 
Piiase  II.  Two  individual  turbopump  uiiit.s  were  studied,  one  for  the  fuel 
and  one  for  tlie  oxidizer,  cncli  of  wliich  includes  a  pump,  preinducer,  and 
turbine.  The  separate  deoigns,  analyses,  and  tradeoff  studies  arc  dis¬ 
cussed  in  detail  below. 

(c)  Fuel  Turboiiumii  Design  Requirements.  The  initial  fuel  turbopump  de¬ 
sign  requirements  were  derived  from  the  contract  thrust,  performance,  and 
operational  requirements  listed  in  Table  9  together  witli  the  pressure 
requiremcntii  defined  by  tlie  system  analyses.  The  Demonstrator  Module  fuel 
Turbopump  design  must  meet  the  requirements  listed  in  Table  28  and  provide 
not  less  tiinii  a  maximum  pump  efficiency  of  75  percent  over  the  mixture 
ratio  excuraioti  at  full  thrust. 

(u)  The  turbine  was  designed  based  upon  gases  having  the  properties  listed 
in  Tabic  29.  These  properties  correspond  to  those  of  gas  generator  gases 
and  not  tapoff  gases.  This  assumption  was  made  io  ensure  on  adequate  tur¬ 
bine  design  before  definite  tapoff  properties  have  been  established.  A 
turbine  designed  for  gas  generator  properties  will  not  sulfcr  a  performance 
loss  when  operated  with  taj*off  gases;  however,  the  converse  is  not  true. 
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(c)  TAJILE  28 


TEimOPUMP  DESIGN  CONDITIONS 


Pa rameicr 

Nominal 
(>U1  0:1) 

Maximum 

Off  Nouiiaal 

3a 

Tolerance 

Maximum  Design 
llcqui  rement 

Prnnp  gpm 

8'i'jO 

9500 

483 

10,043 

Ranp  Pp,  psiu 

2766 

2962 

210 

3152 

Nl’SII,  feet 

60 

I*uiup  inlet  Pressure,  psia 

32.0 

I’lunp  Inlet  Temperature,  11 

'il.7 

Turbine  ,  Ib/scc 

10.5 

12.  2 

1-3 

13.5 

P.  (Turbine  Inlet  Pi-casurc), 
psia 

1000 

1105 

(Mll-5) 

117 

1282 

?  (Tui’biue  Discharge  Ib-ossure), 
psia 

70 

76.9 
(Mlt  5) 

8.23 

CO 

T.  (Turbine  Inlet  Gas 
Temperature),  F 

I960 

I960 

152 

2112 

Tui’binc  Efficiency 

62.  2 

For  lurbopump  opoxutiag  cliaruc  tei  i  a  I  i  cs  uo  (iif— dt»a  ign  cixt-uro  rtiiioa  goo 
Table  lOj  page  78* 


(c)  TABLE  29 


TUHfllNE  GAS  PllOmiTIES 


Mixture  Ratio 

1.12 

Molecular  Weight 

4.272 

Temperature,  F 

i960 

C  ,  btu/lb  F 

1.802 

P 

Specific  Heat  Ratio 

1.348 

(U)  Fuel  Turbopump  Alternatives  Studied.  Several  tradeoff  studies  vere 
conducted  before  the  final  turbopump  design  concept  was  established.  These 
included  a  study  of  pump  types,  preinducer  drives,  number  of  turbine  wheels, 
turbine  disk  configuration,  and  the  aft  turbine  bearing  carrier.  These  trade 
off  studies  are  discussed  in  the  following  paragraphs. 

(C)  Configuration  Selection.  Establislimcnt  of  the  maximum  opera¬ 
tion  head  of  96,970  foci,  for  the  fuel  piunp  required  n  ro-cvnluation  of  the 
selection  of  the  typo  of  pump  best  able  to  meet  this  requirement.  The 
three  types  rc-ovuluated  were:  (l)  a  single-stage,  inducer/ccntrifugal 
pump  (one  and  one-half  stagosP;  (2)  a  single-stage,  multivaned  centrifugal 
pu'ip  (multistagod  radial);  and  (3)  a  two-stage  centrifugal  pump.  Pump 
pnramoters  at  the  design  point  U3<  1  for  comparison  are  shown  in  Table  30 
dnd  the  head  and  efficiency  curves  for  the  three  tj-pcs  are  shown  in  Fig.  IO9. 

(u)  Tlie  evaluation  of  the  pumps  was  made  on  the  basis  of  life,  weight,  hy¬ 
drodynamic  performance,  uprating  capability,  manufacturing  difficulty,  effici 
ency,  off-design  perf onaance ,  structural  design,  maximum  bearing  DN,  maximum 
seal  speed,  and  overall  dimensions. 
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(c)  TABLE  30 


LIQUID  HYDROGEN  PUMP  PAPAMETERS  AT  DISIGN  POINT, 
MIXTURE  RATIO  =  6 


Parameter 

One  and 
Oiie-Half-Stage 

Two-Stak’i' 

Multistage 
Rad i a 1 

Impeller  Speed, 
rpm 

36,000 

36,000 

Preinducer  Speed, 
rpm 

14,600 

14,600 

Impeller  Discharge 
Diameter,  inches 

11.4 

li.4 

Impeller  Inlet 
Diameter,  inches 

6.75 

6.0 

5.5 

Preinducer  Inlet 
Diameter,  inches 

9.0 

9.0 

9.0 

' 

Preinducer  Head, 
feet 

700 

700 

700 

Impeller  Required 
NPSH,  feet 

600 

600 

600 

Overall  Head 
Coefficient 

0.820 

1.23 

0.820 

7 


(U)  A  aiunmnry  of  the  coninnrison  of  th*  three  fuel  pump  cotif igurotions 
is  Bhovn  in  Table  3i«  Based  on  weight,  efficiency,  upxating  capability, 
and  off-design  performance  characteristics,  the  one  and  one-half  stage 
pump  was  eliminated  from  further  consideration. 

(u)  The  cho  ice  between  the  two-stage  centrifugal  and  the  radial  stage 
pump  was  more  difficult.  Weight  and  efficiency  were  about  equal.  Reli¬ 
ability  and  long  life,  achieved  through  the  design  approach  of  a  minimum 
of  parts,  a  minimum  number  of  joints  and  high-pre8S”re  leak  paths,  elim¬ 
ination  of  stress  areas,  and  material  selection  for  adequate  strength, 
were  roughly  equivalent.  The  difficulty  of  casting  crossover  lines  on 
the  two-stage  design  was  balanced  by  the  effort  required  to  maintain  rotor 
tip  clearances  on  the  multistage  radial  concept.  Seal  speeds  and  bearing 
DN  valves  were  almost  identical .  However,  data  on  the  operating  character¬ 
istics  of  the  radial  design  was  extremely  limited  and  on  this  basis,  the 
two-stage  centrifugal  configuration  was  selected. 

(U)  Preinducer  Drive  Selection.  Requirements  of  minimum  weight  and 
size,  high  overall  efficiency,  and  reliability  for  the  preinducer  driv'C 
generated  a  design  study  in  which  six  configruations,  shown  schematically 
in  Fig. 110,  were  investigated. 


(u)  The  through-flow,  hydraulic  turbine  drive  was  selected  for  the  fuel 
pump,  while  the  high-pressure  hydraulic  hub  turbine  drive  was  selected  for 
the  oxidizer  pump.  The  tradeoffs  leading  to  these  decisions  are  presented 
below. 

(u)  The  gear-driven  preinducer  offered  the  advantages  of  relatively  high 
efficiency  (gear  box  efficiency  of  approximately  97  percent)  and  a  constant 
spiked  ratio.  The  gear  drive  is  an  attractive  solution  to  the  problem;  gear 


248 


®(6)ii!l!FD®lS[!ir[lflL 


(This  page  is  Unclassif led) 


TABLE  31 


W'DHi/’yfMUUffllL 


249 

(This  Page  is  Unclassified) 


ROTATING  DIFFUSER  W  HIGH-PRESSURE  VC. 

DRIVE  hydraulic 

HUB  TURBINE  DRIVE 

Figure  110.  Candidate  Pre inducer  Configurations 
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face  loads  arc  lov  (approximately  800  Ib/in.^  and  pitch  line  velocities  are 
only  3900  I’t/min.  Additionally,  previous  experience  has  indicated  success 
in  operating  gears  in  both  oxidizer  and  fuel.  It  is  believed,  however,  that 
the  added  complexity  of  the  gear  box  may  increase  development  time,  and 
tliercfore  this  concept  is  less  attractive  than  others  investigated. 

(0)  The  separate  gas  turbine-driven  preinducer  offers  the  highest  potential 
overall  pump  efficiency,  provided  hot  gas  is  available  with  no  performance 
penalty  to  the  system.  Low-pressure  turbine  exhaust  gases  are  a  possible 
source  for  this  purpose.  The  disadvantages  of  this  system  are  that  both 
complexity  and  weight  are  markedly  increased.  In  essence,  it  means  adding 
a  third  turbopump  with  its  own  turbin-  ,  bearings,  seals  and  attendant  inlet 
and  discharge  piping.  It  was  believed  that  these  disadvantage.')  out-weighed 
the  pump  performance  advantages  to  be  gained,  and  therefore,  it  was  not 
considered  further. 

(U)  The  high-pressure  hydraulic  tip  turuine  drive  operates  by  recirculating 
high-pressure  fluid  from  the  discharge  of  the  main  pump  through  a  staged 
hydraulic  turbine  mounted  in  the  tip  of  the  preinducer.  The  efficiency  of 
this  design  was  somewhat  lower  than  the  through-flow  design,  partly  because 
of  the  recirculation,  but  mainly  because  the  large  turbine  pitch  diameter 
resulted  in  extremely  short  blades  and  stators  and  the  ratio  of  leakage 
area  to  through-flow  area  was  large.  Sealing  at  the  large  diameter  also 
presented  a  problem,  and  as  a  result,  this  design  was  dropped. 

(C )  The  through-flow,  hydraulic  turbine  drive  system  is  designed  integrally 
between  the  low-speed  preinducer  and  the  high-speed  inpeller.  A  high-speed 
preinduccr  mounted  directly  on  the  pump  shaft  provides  the  head  rise  to  drive 
the  hydraulic  turbine,  which  is  directly  linked  to  the  low-speed  inducer. 

This  design  offers  a  relatively  high  overall  turbopump  efficiency,  a  minimum 
of  mechanical  complexity,  and  it  can  be  developed  indeitendently  of  the  main 
pump.  The  main  drawback  to  the  through-flow  hydraulic  turbine  design  is  a 
possible  loss  in  performance  at  off-design  operation.  An  analytical  investi¬ 
gation  was  performed  to  determine  the  off-design  performance  of  this  candidate. 
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It  w;.8  found  that  if  the  speed  ratio  (ratio  of  main  inducer  speed  to  pre- 
inducer  speed)  was  approximately  2  to  1,  there  was  very  little  drift 
(ratio  stayed  constant)  at  off-dcsign  conditions.  The  speed  ratio  is 
deteimined  by  vector  diagraras  covering  inducer  blade  leaving  angle,  pas¬ 
sage  flow  area  and  therefore  velocity,  rotor  entrance  and  leaving  blade 

angle,  turbine  entrance  and  leaving  angle,  and  a  factor  for  friction  los-  ! 

j 

ses .  Because  the  ratio  of  the  fuel  pump  inducer  to  main  inducer  was  ! 

approximately  2  to  1,  the  throughflow,  hydraulic  turbine  drive  preinducer  | 

} 

was  selected  for  the  fuel  turbopump.  i 

J 

i 

(C)  However,  the  speed  ratio  for  the  oxidizer  pump  is  approximately  4  to  1,  j 

and  thus,  the  through-flow  drive  would  result  in  an  adverse  drift  at  off- 

design.  .\lso,  an  axial  thrust  analysis  in  the  oxidizer  pump  through-flow  | 

inducer  resulted  in  the  requirement  for  either  a  balance  piston  or  a  large-  j 

dieoneier  balance  drum.  Because  both  conditions  were  undesirable,  the  through- 

flow  inducer  was  eliminated  from  consideration  on  the  oxidizer  pump.  ; 

i 

(C)  The  rotating  diffuser  drive,  in  which  a  set  of  rotating  vanes  at  the 
main  pump  discharge  is  used  to  drive  the  preinducer,  was  investigated  as  an  j 

alternate  to  the  oxidizer  pump  through-flow  inducer  to  eliminate  the  axial  | 

baleuicr.'  problem  introduced  by  the  through-flow  hydraulic  turbine.  This  de-  j 

sign  allowed  the  balance  drum  diameter  to  be  reduced,  reducing  the  rubbing  j 

velocity  from  700  to  600  ft/sec  at  the  nominal  operatinsr  point.  | 

( 

(U)  Since  the  stator  has  to  operate  over  a  considerable  range  of  incidence  j 

angles  as  the  pump  is  throttled,  stalling  may  occur,  with  a  resulting  per- 

forioance  loss.  With  the  rotating  diffuser  design,  stalling,  should  it  occur, 

could  not  be  alleviated  because  there  is  no  method  of  adjusting  preinducer 

speed. 


I 

I 

I 

! 
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(u)  As  a  solution  to  possible  stalling  problmes  of  the  rotating  diffuser 
design,  the  high-pressure  hydraulic  hub  turbine  drive  was  analyzed.  Its 
operation  is  similar  to  the  high-pressure  hydraulic  tip  turbine  drive  except 
that  the  hydraulic  turbine  is  mounted  in  the  hub  instead  of  at  the  tip.  This 
allows  the  turbine  to  be  designed  with  adequate  blade  heights  and  reduces 
the  sealing  requirements  (two  seals  compared  to  five  for  the  rotating  dif¬ 
fuser).  Furthermore,  the  preinduccr  can  be  developed  independently  of  the 
main  pump,  in  contrast  to  the  rotating  diffuser  design.  Because  the  hydraulic 
turbine  is  physically  separated  from  the  main  pump  in  the  preinducer  hub,  this 
design  can  accommodate  preinducer  speed  controls  which  will  provide  the  capa¬ 
bility  to  vary  the  inducer  discharge  flow  angle.  Then,  should  a  stall  region 
be  encountered  during  throttling,  it  would  be  only  necessary  to  place  a  speed 
control  valve  in  the  hydraulic  turbine  inlet  flow  line  to  change  the  flow 
angle  and  alleviate  the  condition. 

(c)  Turbine  Selection.  Since  the  turbine  flowrate  in  an  aerospike 
engine  is  used  as  the  secondary  flow  in  the  base  region  of  the  nozzle,  it 
becomes  desirable  to  optimize  the  magnitude  of  this  flow.  The  amount  of 
secondary  flow  as  a  ratio  of  the  primary  flow  was  shown  in  the  performance 
analysis  section  to  have  a  direct  effect  upon  the  engine  specific  impulse. 
Wtiile  the  magnitude  of  this  effect  does  not  change  total  specific  impulse 
more  than  1  percent,  it  is  nevertheless  worthwhile  to  attempt  to  achieve 
maximum  engine  performance.  For  the  1500-psi  chamber  pressure  demonstrator 
engine,  the  turbine  flowrate  is  larger  than  the  desired  optimum  secondary 
flow.  Therefore,  efforts  were  made  to  improve  the  turbine  performance  and 
reduce  the  required  turbine  flowrate. 


(ij)  The  required  pump  horsepower  establishes  the  turbine  power  requirement 
wliich,  in  tui^,  is  the  product  of  three  primary  elements: 

=  turbine  efficiency  x  usable  available  energy  x  flowrate 

( 
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(u)  To  minimize  the  flowrete,  both  of  the  other  elements  must  be  maximized. 
The  usable  available  energy  is  a  function  of  the  turbine  drive  gas  tempera- 
tuie  and  the  turbine  pressure  ratio.  These  parameters  oi’o  fixed  at  tlieir 
maximum  values  by  stress  considerations  and  the  system  pressure  balance.  The 
turbine  efficiency  is  a  function  of  the  pitch  line  velocity  and  the  number  of 
blade  rows.  The  first  of  these  two  design  parameters,  pitch  line  velocity, 
is  established  by  the  pump  speed  and  stress  limitations  on  the  turbine  disk 
and  rotor  blades. 

(u)  Therefore,  the  only  design  "ariable  remaining  is  t!ie  number  of  blade 
rows.  Kfficiency  will  increase  witl-  added  turbine  wheels;  however,  an 
associated  weight  and  envelope  penalty  is  incurred.  The  optimum  turbine 
design  is  then  determined  from  a  total  system  specific  impulse-weight 
tradeoff.  This  was  done  for  both  the  fuel  and  oxidizer  turbines,  employ¬ 
ing  the  performance  index  tradeoff  factors  in  the  applications  study  sec¬ 
tion  of  this  leport. 

(U)  Figure  HI  shows  the  variation  in  fuel  turbine  flowrate  as  a  function 
of  the  number  of  blade  rows,  together  Avith  the  corresponding  change  in 
turbine  weight  and  the  average  change  in  performance  index  for  the  six 
vehicles  in  the  applications  study.  These  data  were  used  to  complete  the 
turbine  wlieel  tradeoff  optimization  Airhich  is  also  shown  In  this  figure. 

This  figure  shows  the  three-wheel  turbine  to  have  a  slight  performance  in¬ 
dex  advantage  for  the  fuel  turbine.  Furthermore,  the  three-wheel  design 
has  a  lower  development  and  fabrication  cost  than  a  four-wheel  configuration. 

(c)  The  oxidizer  turbine  study  involved  an  additional  tradeoff  with  pump 
speed.  The  maximum  pump  efficiency  occurs  at  about  20,000  rpm;  however,  it 
was  not  possible  to  obtain  satisfactory  turbine  performances  at  this  speed 
because  a  50-percent  admission  design  was  necessary.  Therefore,  the  pump 
speed  w'as  increased  to  25,000  rpm.  which  allowed  the  diameter  to  be 
decreased  from  12  to  10  inches  which  increased  the  blade  height  from 
0.260  to  0.320  inch. 
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(c)  The  oxidizi r  turbine  study  involved  an  additional  troleoff  with  pump 
speed.  The  maximum  pump  efficiency  occurs  at  about  20,000  rpm;  however, 
it  was  not  possible  to  obtain  satisfactory  turbine  performances  at  this 
speed,  because  a  50-pex’cent  admission  design  was  necessary.  Therefore, 
the  pump  speed  was  increased  to  25,000  rpm,  which  allowed  the  diameter  to 
be  decreased  from  12  to  10  inches  which  incre.iscd  the  blade  height  from 
0.260  to  0.320  inch. 

(U)  Fuel  Turbine  Disks.  A  number  of  turbine  disk  profiles  were  anal¬ 
yzed  to  determine  the  required  thicknesses  for  various  configurations  based 
on  estimated  rotor  blade  profiles  and  turbine  disk  temperature  distributions. 

(U)  Fir  tree  and  integrally  machined  blades  with  welded  and  bolted  curvic 
disc  connections  were  considered  in  various  combinations.  The  selected 
disc  profiles  and  corresponding  stresses  for  discs  having  integral  blades 
with  curvic  connections  are  shown  in  Fig.  112  through  115  •  A  summary  of 
stresses  and  allowable  operating  speeds  is  shown  in  Table  32  . 

(U)  The  curves  of  Fig. Il6  show  the  results  of  the  configuration  investiHa- 
tion.  The  allowable  operating  speed  vs  center  thickness  for  various  disc 
configurations  is  presented.  The  blades  can  be  clianged  from  integrally 
machined  to  fir  tree  attached  blades  for  the  same  disc  center  thickness, 
provided  the  wheels  are  attached  by  welding  rather  tlmn  by  curvic  coupling. 

(U)  Natural  frequencies  and  critical  running  speeds  will  be  calculated, 
and  the  profile  will  be  modified  as  required  to  remove  these  from  the  oper¬ 
ating  speed  range. 


(U)  Aft  Bearing  Carrier.  Botli  the  LO^  and  LH^  turbopumps  have  an  out¬ 
board  aft  bearing.  The  bearings  must  be  rigidly  supported  by  members  which 
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DESIGN  CRITERIA  : 

MATERIAL:  INCO  718 
RM  TEMP  F,y  130  K5I 

ELONGATION  15  PERCENT 
MAX  RPM  38,900 


V9V!/IMl''UWlSmj  U  UlAUh 


MAXIMUM  ALLOWABLE  OPERATING 
SPEED=75-PERCENT  BURST  SPEED 


*  UNSHROUDED  DESIGN 


FIR-TREE  BLADES 

FIRST 

STAGE 

SECOND 

STAGE 

1  THIRD 

1  STAGE 

INTEGRAL  BLADES 

FIRST 

STAGE 

SECOND 

STAGE 

THIRD* 

STAGE 

tNECK 

0.36 

toisc 

2.0 

GAS  TEMP  F 

1320 

Iigurc-  112-  Murk  30  Turbine  Disc  Profiles 
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Figure  113.  First-Stage  Fuel  Turbine  Disc  Stress  vs  Radius 
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Figure  115.  Third-Stage  Fuel  Turbine  Disc  Stress  vs  Radius 
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(C)  HKBIL  30-F  TUHBINE  DISK  EkllA 


Stage 

1 

2 

3 

Required  Center  Thickness,  inches 

1.4 

1.23 

1.4 

Center  Thickness  for  Numbers  in 

This  Table,  inches 

1.5 

1.25 

1.4 

Neck  Thickness,  inches 

0.25 

0.26 

0.37 

Rim  Thickness,  inch 

0.65 

0.65 

0.86 

Blade  Attachment 

Integral 

Integral 

Integral 

Wheel  Attachment 

Curvic 

Curvic 

Curvic 

Average  Tangential  Stress,  psi 

62,  500 

67,400 

68,900 

Maximum  Tangential  Stress,  psi 

88,100 

97,300 

93,000 

Maximum  Radial  Stress,  psi 

98, 000 

99,000 

94, 000 

Burst  Speed,  rpm 

52, 880 

51,100 

51,100 

A-llovablf  C  -5*'ating  Speed,  rpm 

39,600 

38,400 

38,400 

I  Materials  Properties  for  INCO  718 

^tu’ 

156, 000 

160, 000 

161,000 

[ty- 

125,000 

126,  000 

127, 000 

Elongation,  percent 

15 

15 

15 

Weighted  Average  Temperature,  F 

800 

680 

590 
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ALLOWABLE  OPEKATINC  ^PEED,  1000  RPH 
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46 
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44  H 


1  OR  2  -  STACE 
F.T.-  FIR  TREE 
IN  -  INTEGRAL 
W  -  WELDED 
C  -  CURVIC 


42 


40 


38 


36 


34 


32 
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OPERATING  SPEED  vs 
DISC  CENTER  IHICKNESS 
TURBINE  DISCS  OF  INCO  718 


STACE 

BLADE 

ATTACHMENT 

WHEEL 

ATTACHMI 

o 

2 

INTEGRAL 

WELDED 

• 

1 

INTEGRAL 

WELDED 

0 

2 

FIR  TREE 

WELDED 

o 

1 

FIR  TREE 

WELDED 

■1 

2 

INTEGRAL 

CURVIC 

V 

1 

INTEGRAL 

CURVIC 

• 

2 

FIR  TREE 

CURVIC 

o 

1 

FIR  TREE 

CURVIC 

1.0 


1.2 


1.4 


1.6 


1.8 


2.0 


2.2 


DISC  CENTER  THICKNESS.  INCHES 


Figure  Il6.  Allowable  Operating  Speed  vs  Disc,  Center  Thickness 
(Turbine  Disk  of  Inconel  718) 
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vill  be  exposed  to  the  turbine  hot-gas  environment  and  must  block  only  a 
limited  portion  of  the  gas  flow  area.  The  thermal  stresses  and  distortions 
caused  by  these  gai:5?s  could  be  very  high.  The  struts  are  enclosed  by  sheet 
metal  shrouds  to  protect  them  from  direct  gas  impingement  and  to  serve  as 
turbine  discharge  gas  flow  straighteners .  The  struts  have  pinned  ends  to 
minimize  the  thermal  stresses.  A  study  was  conducted  to  determine  thermal 
stress  and  structure  flexibility  for  various  strut  configurations.  The 
results  are  tabulated  in  Fig.  117  and  llfi  and  Table  32.  By  using  pinned 
end  struts,  the  bearing  carrier  flexibility  can  be  easily  varied  by  changing 
the  strut  dimensions.  The  thickness  of  the  fixed  end  struts  is  limited 
because  of  the  then  illy  induced  bending  stresses.  The  limiting  thickness 
values  are  shown  at  the  bottom  of  Table  33.  The  selection  of  pinned  end 
.struts  virtually  eliminates  the  thermal  stress  problem. 

(U)  The  chosen  configuration  of  six  0.15-  by  1.75-inch  cross-section  struts 
on  a  nine- strut  pattern  will  have  a  radial  spring  rate  of  5.96  x  10^  Ib/in. 

(u)  Fuel  Turbopump  Description.  The  fuel  turbopump  c  insists  of  a  two- 
stage  centrifugal  pump  mounted  on  a  commun  »imft  with  a  three-row  turbine 
with  a  concentric  integral,  hydraulic  turbine  driven  preinducer.  Turbo¬ 
pump  axial  thrust  is  handled  by  means  of  a  hydraulic  balance  piston  located 
between  the  two  main  impellers,  A  layout  of  the  complete  assembly  is  shown 
in  Fig,  119,  and  the  subcomponents  are  discussed  further  in  the  following 
paragraphs . 

(U)  Pump.  The  fuel  pump  assembly  consists  of  the  preinducer,  the 
impellers,  the  balance  piston,  and  the  housing. 

(C)  The  preinducer,  designed  to  meet  the  NPSH  condition  of  60  feet,  has 
as  axial  flow  design  with  four  vanes  at  the  inlet  increasing  to  eight  vanes 
at  the  discharge.  The  higher  solidity  at  the  discharge  is;  to  provide  a 


(C) 
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ATT!  BEAIUNG  SUPPORT 
SPRINGIIATE  SUMMARY 


t 

b 

3  Struts 

6  Struts 

9  Struts 

0.15 

1.00 

1,71  X  10^ 

3.42  X  10^ 

5.13  X  10^ 

O.bC 

2.25 

10.23  X  10^ 

20.46  X  10^ 

30.69  X  10^ 

0.07 

2.25 

1.00  X  10^ 

3.60  X  10^ 

5.40  X  10^ 

m 

2.25 

2,57  X  10^ 

5.14  X  10^ 

7.71  X  10^ 

0.15 

1.75 

2.98  X  10^ 

5.96  X  10^ 

8.94  X  10^ 

NOTE;  For  the  coufi^ration,  the  apringrates  are  approximately 
proportional  to  the  area,  vhere 


A  =  X- sectional  area  of  strut 


=  t  X  b 


b  =  maximum  allowable  width  of  strut  =  2.25  inches 
max 


t  -  Maximum  allowable  thiclaiesB  of  strut 
max 


=  0.07  inch  for  Hastelloy-C 
K  0.10  inch  for  Incone 1-X 
=  Determined  by  Thermal  Stress 
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Fixed  End  Only 


Figure  119.  Demonstrator  Engine  Fuel  Turbopump 
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more  uniform  flow  distribution  to  the  high-ejieed  rotor  just  aft  of  the  pre- 
inducer.  It  operates  at  approximately  42  percent  of  the  main  pump  speed 
(l4,555  rpm)  and  produces  a  head  rise  of  883  feet.  The  preliminary  con¬ 
figuration  of  the  high-speed  inducer  has  seven  blades,  is  machined  from  a 
titanium  forging,  and  is  splined  to  the  main  sha't.  It  operates  at  a  tip 
speed  of  ll60  ft/sec  (driven  by  the  main  turbine  at  35,000  rpm)  and  pro¬ 
duces  a  head  rise  of  4000  feet.  The  flow  then  passes  through  a  single- 
stage  impulse  hydraulic  turbine  which  drives  the  low-speed  preinducer  be¬ 
cause  the  two  arc  coupled  together  through  their  shrouds.  The  turbine 
head  drop  is  1092  feet,  which  means  that  the  overall  head  rise  in  the  pre- 
inducer  section  (head  available  to  the  main  impellers)  is  approximately 
3200  feet.  The  preinducer  design  parameters  are  shown  in  Table  34. 

(c)  The  two  pump  impellers  are  mour;ted  back-to-back  and  the  flow  from  the 
first-stage  impeller  passes  through  five  crossover  tubes  to  the  inlet  to 
the  second-stage  impeller.  The  impellers  ere  made  of  titanium  and  fully 
shrouded  to  improve  impeller  efficiency  and  minimize  variations  in  devel¬ 
oped  head  because  of  axial  clearance.  The  rear  shrouds  are  tilted  so  the 
exit  angle  is  approximately  60  degrees  from  the  axes  to  permit  the  vanes 
to  bt  nearly  radial  elements  with  discharge  vane  angles  of  60  degrees  from 
tangential.  With  the  preinduccr,  the  required  impeller  suction  specific 
speed  of  7313  ia  easily  attainable  and  no  cavitation  problems  are  anticipated. 

The  basic  impeller  geometry  is  presented  in  Table  35. 

(u)  The  axial  thrust  loads  of  the  pump  and  turbine  are  controlled  by 
means  of  a  balance  piston  which  is  located  between  the  two  impellers  for 
two  reasons:  (l)  there  is  no  external  lealtage,  i.e.,  balance  piston  flow 
path  is  from  the  discharge  of  the  second  stage  (high-piessure  impeller) 
through  the  balance  piston  and  then  into  the  discharge  of  the  fiist-stage 
impeller,  and  (2)  the  leakage  is  the  same  os  would  result  with  the  normal 
interstage  seal  between  the  two  impellers.  That  is,  if  the  balance  piston 
was  not  located  between  the  two  impellers,  a  labryinth  seal  would  have  to 
be  installed  between  the  two  impellers,  and  the  leakage  across  the  labyrinth 
would  be  approximately  the  same  as  the  flow  required  by  the  balance  piston. 
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(C) 


TABLE  34 


DESIGN  PASAMEIEHS  AND  RIEL  PIIEINDUOER 
OFF-DESIGN  OPERATING  CONDITIONS 


Mixture  Ratios 

5 

6 

7 

Preinducer 

Speed,  rpm 

15,300 

14,535 

13,950 

Head  Rise,  feet 

941 

8P3 

829 

Inlet  Flo-w  Coefficient 

0.0755 

0.07 

0.0663 

Inlet  Tip  Diameter,  inches 

9.5 

9.5 

9.5 

Discharge  Tip  Diameter,  inches 

7.83 

7.83 

7.83 

HiKh  Speed  Inducer 

Speed,  rpm 

36,800 

35,000 

33,600 

Head  Rise,  feet 

4250 

4000 

3760 

Inlet  Flow  Coelficient 

O.OS73 

0.081 

0.0767 

Inlet  Tip  Diameter,  inches 

7.6 

7.60 

7.6 

Discharge  Tip  Diameter,  inches 

6.9 

6.90 

6.9 

Suction  Specifi.  Speed 

19,300 

18,900 

18,500 

Turbire 

Speed,  rpm 

15,300 

14,535 

13, 950 

Head  Drop,  feet 

1795 

1692 

1590 

Inlet  Tip  Diameter,  inches 

6.83 

6.83 

6.83 

Discharge  Tip  Diaiucter,  iuehes 

C.  rr 

Vi  .  J 

V  , 

C,  C. 

Vf  .  J 

(C) 


TABLE  35 


FUEL  miP  IMPELLIE  DESIGN  PARAMETERS 


Number  of  Stages  2 

Impeller  Head  Rise/Stage,  feet  39,0G0 

Impeller  Discharge  Diameter,  inches  9.5 

Impeller  Tip  Width  (Normal  to  Flow),  inches  0.45 

Rear  Shroud  Angle  at  Discharge  (from  axis),  degrees  60 
Discharge  Blade  Angle  from  Tangential,  degrees  60 

Impeller  Inlet  Eye  Diameter,  inches  6.28 

Inlet  Hub  Diameter,  inches  4.5 

No.  of  Blades  at  Inlet  6.0 

No.  of  Blades  at  Discliarge  24.0 

Head  Coefficient  (stage)  0,597 

Suction  Specific  Speed  7313 


(U)  The  pump  inlet  housing  and  volutes  are  made  of  cast  Tens  50  aluminum 
alloy  and  include  the  first-  and  second-stage  discharge  volutes  and  cross¬ 
over  tubes.  The  flow  from  the  second-stage  impeller  passes  through  five 
crossover  tubes  between  the  first-stage  tubes  and  into  a  volute  mounted 
forward  of  the  first-stage  impeller.  This  produces  a  rigid  casting  with 
a  minimum  diameter.  The  main  pump  housing  is  bolted  to  the  preinducer 
housing  at  one  end  and  to  the  turbine  inlet  manifold  at  the  other  end. 


^C)  Turn i no .  The  fuel  turbine  is  a  thrcc-row,  essentially  velocity- 
compounded  impulse  turbine;  however,  there  is  a  small  change  in  static 
pressure  across  each  blade  row.  All  three  turbine  discs  are  machined  from 
Inconel  718  with  integral  blades  to  minimize  turbopump  length  and  weight. 
In  the  first  two  rows  the  blades  are  shrouded^  the  third  row  has  an  un¬ 
shrouded  blade  to  allow  maximum  blade  height  to  utilize  as  much  of  the 
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available  energy  in  the  gas  as  possible.  The  turbine  discs  are  fastened 
together  -with  through  bolts  and  torque  is  transmitted  through  curvic 
couplings.  Uoncyconb  seals  are  utilized  at  the  blade  tip  and  on  the  be- 

e-^ngo  ftX6fllcn"tS  "tO  losses  •  TlSw  nifty* i  f  n  1  gj  ig 

kept  at  a  minimum  diameter  to  obtain  the  lightest  possible  weight.  Power 
from  the  turbine  is  supplied  to  the  second-stage  impeller  tlirough  a  sp'' ine 
drive  and  then  to  the  first-stage  impeller  which  is  fastened  to  the  second 
stage  with  through  bolts.  The  turbine  nozzle  is  welded  integral  with  the 
turbine  manifold  with  a  conical  support  between  the  manifold  and  housing. 
The  individual  turbine  stator  vanes  are  supported  by  rings  bolted  to  the 
housing  and  to  the  inner  diaphragm.  The  turbine  outboard  bearing  is  mounted 
to  six  struts  with  pinned  ends  15  degrees  off  radial  to  maintain  bearing 
alignment  when  subjected  to  thermal  gradients.  There  are  nine  discharge 
turbine  vanes,  six  fair  around  the  bearing  support  struts, and  the  other 
three  are  utilized  to  provide  propellant  cooling  to  the  outboard  turbine 
bearing.  The  turbine  gas  path  and  design  parameters  ere  shown  in  Fig. 120. 

(U)  Bearings .  The  liquid  hydrogen  turbopump  employs  tvo  hydraulic¬ 
ally  coupled  rotating  elements,  each  supported  on  two  ball  bearings.  For 
purposes  of  tabulation,  they  will  be  designated  starting  at  the  inlet  to 
the  preindweer  IF,  2F,  3F,  and  4F.  The  design  requirements  of  the  fuel 
turbopnmp  bearings  are  shown  in  Table  36. 

(U)  Bull  bearings  were  chosen  throughout  because  of  their  inherent 
ability  to  start  quickly  without  pi-epressurization ,  to  survive  lube  coolant 
and  successfully  ingest  some  contamination.  Furthermore,  a  large  body  of 
BiicceBafiil  te8^  experience  has  been  gained  for  propellant-lubricated  turbo- 
p^ui-p  ball  bearings. 

(C)  The  Lllg  preinducer  operates  at  14.500  rpm  mounted  on  two  outer  race 
rotating  bail  bearings  (iF  and  2F).  This  approach  reduces  the  bearing 
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TAPOFF  CYCt.E 

D  -  8.90  INCHES  TUABINE  MEAN  DIAMETER 
m 

A^  -  2.29  SQ  IN.  TURBINE 

R  -  355  FT/R  GAS  CONSTANT 
»  -  I.3'*8 


-H  1^0.  1^0  (TYP) 


Tj  -  1500  F  TURBINE  INLET  TEMPERATURE 
P,  -  1000  PSIA  TURBINE  INLET  PRESSURE 
Pj  -  66.7  PSIA  TURBINE  EXHAUST  PRESSURE 
-  10.53  LB/SEC  TURBINE  FLOWRATE 


Figure  120.  Mark  30-F  Turbine  Cias  Path  Sketch 


TABLE  36 


*Outer  Race  Rotation 


size  to  the  point  that  the  application  is  considered  state 


01  ziie  art, 
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requirements  defined  by  the  ca4:e  material  constituents. 


(C)  The  inlet  end  bearing  (3F)  on  the  pump  main  shaft  operates  at  35,000 
rpm  and  is  also  cooled  witu  liquid  fuel.  The  bearing  is  preloaded  axially 
by  a  spring  with  the  rotor  thrust  carried  by  a  balance  piston.  This  appli¬ 
cation,  except  for  the  long  life  required,  is  considered  state  of  the  art. 

(u)  The  preliminary  design  of  the  fuel  turbine  shows  ball  bearings  located 
at  the  aft  end  of  the  turbopump  in  the  turbine  discharge  area  (41^)  which 
are  p.r-eloaded  with  springs  and  cooled  with  gaseous  Ijydrogen.  Selection  of 
this  design  is  not  firm  and  the  subject  is  discussed  further  in  the  Analysis 
sei lion. 


(u)  Seals.  The  liquid  hydrogen  turbopump  has  two  main  seal  areas. 
One  between  the  second-stage  pump  impeller  and  the  turbine,  designated  AF, 
and  the  other  between  the  outboard  bearing  and  the  turbine  exhaust,  desig¬ 
nated  as  BF.  Hydrostatic  liftoff  seals  with  the  design  requirements  shown 
in  Table  37  were  selected  for  both  applications. 


(u)  Materials .  The  materials  selected  for  tlie  primary  turbopump 
components  are  based  on  Rocketdyne  experience  in  the  design  and  production 
of  pump  assemblies  for  rocket  engines.  This  experience,  which  includes  an 
extensive  post  historj'  of  service  together  with  continuous  material  test¬ 
ing  and  structural  testing,  has  provided  the  detailed  background  necessary 
fo*  the  material  selections  which  meet  the  performance,  reliability,  and 
long  operating  life  requirements  of  the  module. 
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(u)  Tens-50  aluminum  alloy  castings  are  the  primary  selection  I’or  the 
LHg  and  IXIX  volutes  emd  inlet  housings.  This  material  provides  satisfactory 
strength  at  minimum  weight  and  can  be  cast  in  complex  forms.  Foundry  tech¬ 
nology  required  to  cast  complex  structures  has  been  acquired  through  exten¬ 
sive  development  and  production  usage,  and  guaranteed  minimum  mechanical 
properties  for  Premium  Strength  Tens  50-T60  at  room  temperature  and  -423  F 
have  been  easily  met. 

(u)  Forged  titanium  5*0Al-25Sn  is  used  for  the  inducer,  preinducer,  and 
main  impeller.  This  selection  was  based  on  material  testing  and  actual 
service  experience.  The  material  has  demonstrated  that  the  conservative 
minimum  properties  used  in  the  design  can  be  easily  met  if  normal  metal¬ 
lurgical  control  is  enforced  at  the  suppliers. 

(U)  The  use  of  the  same  alloys  for  the  major  components  of  the  Demonstrator 
Module  turbine  as  are  used  for  the  corresponding  components  in  the  J-3 
engine  fuel  pump  turbine  is  contemplated.  For  the  manifold  and  nozzle 
Dlock,  Hastelloy  C  alloy  will  be  used;  for  the  integral  turbine  disk  and 
blades.  Inconel  718  will  be  used. 

(c)  Considerable  design  and  fabrication  experience  has  been  gained  on 
these  alloys  in  the  production  of  the  J-2  fuel  pump  turbine.  However,  the 
increase  in  operating  time  and  number  of  starts  of  the  turbine  over 
that  of  the  11-2  turbine  will  require  the  development  of  additional  material 
properties  design  data.  The  design  parameter  of  300  starts  makes  it  neces¬ 
sary  to  consider  thermal  fatigue  properties  in  the  design.  The  approach 
here  will  be  to  generate  low  cycle  isothermal  fatigue  data  which  can  be 
applied  to  the  thermal  fatigue  design  problem.  The  10-hour  firing  life 
requirement  also  requires  that  creep  and  stress-rupture  data  be  developed. 


(u)  The  requirements  of  propci lont-coolcd  bearings  for  IXJg  a'd  LHg  turoo 
pumps  have  been  satisfactorily  filled  by  ball  bearings  vith  4*»0  C  races 
and  balls,  equipped  vith  glass  fabric  supported  Teflon  (GTFE)  cages. 

(U)  Testing  of  other  cage  materials  (including  polyimidcs,  Chemloy  719 
and  Rulon  A)  for  LOg  and  cooled  bearings  did  not  demonstrate  any  to 
be  superior  to  GITE  (Armalon).  For  this  reason,  Armalon  is  the  first  choice 
for  use  in  all  bearing  cages. 


(U)  Fuel  Turbopump  Analysis.  The  following  paragraphs  discuss  the  perform¬ 
ance,  hydrodynamic,  and  stress  analyses  made  in  connection  vith  the  fuel 
turbopump  design. 


(C)  Pump  Perforipance.  Pump  hydrodynamic  periormance  is  predicted  by 
use  of  a  digital  computer  program  which  calculates  the  performance  and  losses 
through  the  pump  fox*  each  pump  element.  All  losses  ai*e  calculated  in  the 
dimensionless  form  of  head  lose  times  gravitational  constant  divided  by  tip 
speed  squared.  The  program  evaluates  losses  of  inducers,  stators,  impellers, 
varied  diffusers,  volutes,  and  volute  exit  diffusers.  Types  of  losses  include 

•  1  I*.  A  i  ^  Z  rx*-.  xl4  4'r»-ii%  +  -»rkr»  l^n1onr»o  fiV*  -  1*00.11*0.11*- 
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lation  loss,  clearance  loss,  wear  ring  leakage,  and  momentum  loss.  The  co¬ 
efficients  and  equations  used  in  the  program  have  been  found  to  give  reliable 
preliminary  design  performance  predictions  of  bovh  H-Q  performance  and  power. 

To  assure  meeting  the  NPSU  requirement  of  60  feet,  a  design  input  value  of 
30  feet  was  used  in  the  hydrodynamic  analysis  for  the  preinducer.  The  over¬ 
all  performance  of  the  fuel  pump,  including  its  preinducer,  it  shown  in 
Fig.  121,  and  the  estimated  pump  operating  line  throttling  down  to  5:1 
is  shown . 


(c)  Volute  Ib’drodynamic  Aiialyaia.  The  I’irat-atago  impeller  dis¬ 
charge  flow  syslctu  conoiata  of  five  flow  pusaagca  which  drop  the  velocity 
and  direct  the  flow  to  the  second-atage  impeller  inlet.  The  diffusion 
occurs  in  the  elliptical  difuaing  paasugcs  which  diffuse  the  flow  w'liile 
turning  it.  Such  a  deaign  has  been  shown  experimentally  to  be  capable 
of  producing  higher  efficiencies  than  straiglit  elliptical  diffusers 
(Itef.  4  ). 

(C)  The  second-stage  impeller  discharges  also  into  five  elliptical  flow 
passages  with  a  velocity  ratio  of  11.34.  These  passages  then  discharge 
into  a  collector  which  leads  to  a  single  discharge  flange.  A  clay  model 
of  a  portion  of  the  volute  is  a^i 'wu  in  Fig.  1112. 

(C)  in  Inducer.  The  main  high-speed  fuel  inducer  provides  a  lioad 
rise  of  4000  feet,  wbicli  imposes  substantial  centrifugal  and  hydrodynamic 
loads.  Therefore,  a  preliminary'  structural  unaly'sis  was  i)erformed  for  the 
estimated  blade  geometry.  The  maximum  calculated  vane  steady  stress  is 
31,350  pai  (25,700-psi  centrifugal  stress  and  5,650-psi  pressure  bending 
stress)  which  is  satisfactory  for  titanium,  llie  two  lowest  blade  bending 
mode  natural  frequencies  are  approximately  3900  cps  and  14,200  cps.  These 
are  sufficiently  removed  from  the  1550-cps  excitation  frequency  produced 
by  the  preinducer  blades, 

(U)  Fuel  Impeller.  Preliminary  structural  calculations  of  several 
proposed  impeller  backplate  configurations  have  been  performed.  The  geom¬ 
etry  and  maximum  allowable  tip  velocities  are  presented  in  Table  38  for 
various  materials. 


(u)  Titaaiura  and  several  aluminum  alloys  were  considered  as  possible  im¬ 
peller  taateriijl:  because  of  their  favorable  strength- to-weight  ratio.  Duc¬ 
tility,  ease  <»('  fabrication,  and  history  of  successful  use  as  impeller 
material  were  also  considered.  The  allowable  tip  speeds  were  calculated 
in  accordance  with  established  Kocketdyne  burst  speed  policy;  i.e.,  the 
maximum  allowable  operating  speed  equal  to  7'5  percent  of  the  calculated 
burst  speed. 

(c)  As  shown  in  Table  38  ,  607O-T6  aluminum  and  A110-AT-E1j1  titanium  alloy 
impellers  cun  be  fabricated  to  meet  the  I7OD  ft/si'c  maximum  tip  speed  re¬ 
quirement.  A  weight  compariboii  of  the  impeller  configurations  for  aluminum 
and  titanium  is  shown  in  Table  39.  An  aluminum  impeller  is  scon  to  have 
the  weight  advantage;  however,  the  maximum  tip  speeds  arc  marginal  even 
for  the  thicker  profiles. 

(U)  The  vanes  are  perhaps  the  most  critical  area  of  tlie  impeller  because 
of  the  high  speed  requirement.^  of  the  hydrogen  pump.  Structurally,  a  thick 
vane  is  desirable  to  carry  the  centrifugal  loads;  hydrodynamically,  a  thin 
vane  ia  desirable  for  perl ormauce.  To  compjire  the  effect  of  these  conflict¬ 
ing  requirements  for  aluminum  and  titar.ium  impeller  materials,  the  minimum 
possible  vane  thicknesses  required  for  structural  adequacy  (the  thickness 
for  a  vane  having  no  bending  stresses)  were  calculated.  These  vane  thick¬ 
ness  profiles  along  the  mean  stream!  i  >ie  arc  ah.own  in  Fig.  123.  The  aluminum 
vane  requires  approximately  twice  the  thickness  of  the  titanium  vane  for 
structural  adequacy. 
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TWO-STA.CE  IMPEL1£R  WEIGHT  COMPARISON 


Aluminum  Weight,  pounds 

Titanium  Weight,  pounds 

Conligu ration 

Pre- 

Impeller 

Impeller 

Total 

Pre 

Impeller 

Impeller 

Total 

1 

2.1* 

7.8* 

9.9* 

3. 

4 

12.6 

16.0 

2 

2.1* 

7.9* 

13.0* 

12.7 

16.1 

3 

2.1 

8.9 

11.0 

14.3 

17.7 

k 

2.1 

10.3 

12.4 

i6.6 

20.0 

_ 5 

2,1* 

9.3* 

11,4* 

15.0 

18.4 

■*1)068  not  meet  1700-fpj  tip  epeed  requirement 


THESE  ARE  THE  VALUES  OF  THE  ABSOLUTE  MINIMUM 
VANE  THICKNESS  REQUIRED  -  THESE  ARE  TO  BE  USED 
ONLY  FOR  PRELIMINARY  HYOROOYMAMIC  ANALYSIS. 
BENDING  STRESS  AND  TAPERS  WERE  NOT  CONSIDERED. 
123.  MinimuLOi  Required  Impeller  Vane  Thickness 
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(ll)  Titanium  was  chosen  as  the  impeller  material  to  permit  the  vanes  to 
be  thinner  for  increased  hydrodynamic  performance.  The  impellers  will  be 
integral  with  the  shaft  and  will  be  .joined  with  through  bolts.  The  integral 
impeller-shaft  design  increases  the  strength  of  the  backplate  by  eliminating 
the  central  splined  bore.  A  portion  of  the  impeller,  the  preimpeller,  will 
oe  maue  separace  irum  the  Oiurn  iuipeller  to  provide  ease  o*  fabrication. 

Shear  pins  will  be  used  to  distribute  torsional  and  centrifugal  loads  into 
the  main  impeller  backplate. 

(c)  The  maximum  allowable  tip  speed  cf  the  selected  configuration,  estimated 
from  calculations  of  a  number  of  proposed  backplate  configurations,  is  approxi¬ 
mately  1800  ft/sec.  A  representative  backplate  stress  distribution  is  shown 
in  Fig.  124. 


(u)  Fuel  Pump  Rotor  Studs.  An  analysis  was  conducted  to  determine  the 
adequacy  of  the  pump  rotor  bolting  arrangement.  The  choice  of  titanium  as 
the  impeller  material  provides  a  marked  advantage  over  aluminum  insofar  as 
the  allowable  impeller  thrust  separating  load  is  concerned.  This  can  be 
seen  from  Fig.  125.  The  allowable  separating  load  increases  with  decreasing 
temperature  for  the  selected  impeller  materials  5A1-2.55  ELI  titanium.  At 
liquid  hydrogen  temperatures,  the  separating  load  that  the  bolts  can  carry 
and  still  maintain  an  adequate  margin  on  separation  between  components  of 
the  boiled  ataokup  is  approximately  three  times  as  large  with  titanium  im¬ 
peller  material  as  with  aluminum. 

(u)  'I'he  shear  stress  in  the  studs  at  the  iiiterfaccs  between  the  two  iopelleru 
is  16,500  psi,  well  within  the  acceptable  limit. 

(u)  The  turbine  torque  is  transmitted  to  tb?  high-pressure  impeller  through 
a  spline  which  is  integral  to  the  stub  shaft  of  the  impeller.  This  arrange¬ 
ment  circumvents  the  problems  resulting  from  driviiiK  with  shear  pins  through 
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PRELOAD  AT  38,900  RPM 


two  relatively  thin  infcenapJiate  members.  However,  the  toraicnal  wind-up 
of  the  otuh  shaft  introduces  excessive  bending  sl»'e»ses  iii  the  pump  rotor 
studs  if  they  arc  supported  in  the  tangential  direction.  A  d:?8igr<  which 
allows  taiigentinl  freedom  but  providca  radial  support  ior  the  studs  will, 
minimise  those  bending  stresses. 

(u)  The  spline  shear  stresoen  are  low  tnd  at  the  minimum  section  the  shaft 
is  adequate  to  cany  the  torsional  load. 


(U)  Fuel  Pump  Balance  Piaton  Backplnie.  The  balance  piston  hnckplato 
will  be  made  of  titanium  to  minimize  thermal  differential  movements  between 
it  and  the  impellers.  The  d«flectio.ne  and  stresses  for  the  worst  load  con¬ 
ditions;  i.c.;  with  the  high-pressure  orifice  closed,  are  shown  in  Fig. 

(u)  The  maximum  tangeni.ial  stress  is  approximately  11,000  psi.  The  maxi¬ 
mum  principal  stress  in  the  r-z  (radial-axial)  plane  is  It., 000  psi.  These 
stresses  are  within  the  acceptable  limits  for  titanium. 


(u)  Fuel  Volute  Structural  Afialysia.  The  volute  will  be  designed  to 
minimise  the  aeflections  in  the  discontinuity  areas,  near  the  toxigups.  In 
keeping  with  current  Rocketdync  policy,  the  volutes  will  be  subjected  to  a 
proof-pressure  test  during  manufacture.  This  proof  test  will  serve  two 
purposes.  First,  high  localized  discontinuity  stresses  will  be  preyielded, 
and  second,  a  partial  measure  of  quality  assurance  will  be  accomplished. 
Volutes  of  similar  design  have  been  subjected  to  500  proof-ri'essure  cycles 
without  failure. 

(if)  Preliminary  calculations  were  performed  to  determine  the  required  wall 
thicknesses  of  the  interstage  crossover  ducts.  The  large  separating  load 
created  by  the  fluid  pressures  is  carried  hy  the  walls  of  these  passages , 
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Figure  126,  j^alante  Pisrou  Backplat-c 


n^n 

UiAilb 


The  volute  haa  10  crossover  ducts  (5  per  stage),  hence  10  tongues.  The 
required  wall  thickness  varies  from  0.60  inch  at  the  entrance  of  one  passage 
to  0.90  inch  immediately  upstream  of  the  entrance  to  the  next.  The  required 
wall  thickness  for  the  high-prcaaurc  collector  scroll  is  0.75  inch  at  the 
volute  discharge. 


(u)  Turbine  I'erformance.  The  estimated  performance  map  for  the  fuel 
turbine  is  shown  in  Fig. 127.  This  map  was  developed  by  reducing  the  avail¬ 
able  energy  in  accordance  with  turbine  energy  loss  coefficients  that  have 
evolved  from  design  and  development  of  previous  turbines.  These  coeffic¬ 
ients  adjust  the  available  energy  for  primary  friction  losses  caused  by 
gas  flow  and  expansion  witliin  the  individual  blade  passages  and  for  sec¬ 
ondary  losses  resulting  from  blade  path  geometiy,  incidence,  Mach  number, 
trailing  edge  thickness,  and  leakage  within  each  nozzle-rotor  stage.  These 
loss  coefficients  were  derived  from  correlations  of  preliminary  perform¬ 
ance  estimates  with  the  final  test  data  for  previous  turbines  that  have 
been  built  and  tested.  These  turbines  he  a  been  tested  over  an  opei'ating 
rrnge  of  speed  and  pressure  ratio  far  greater  than  the  turbine  was  intended 
to  operate  to  accurately  determine  both  design  and  off-design  performance. 
After  tasting  the  complete  turbine,  individual  rotors  and  stators  were  system¬ 
atically  removed  and  tests  were  conducted  to  determine  performance  with  aud 
without  these  elements.  The  resulting  overall  and  staging  test  data  were 
then  compared  with  the  preliminary  performance  e.stimates  and  the  energy  loss 
coefficients  used  in  the  design  were  revised,  if  required,  according  to  the 
test  results. 

(u)  This  Dctl'od  of  design  and  development  and  the  considerable  amount 
of  test  data  accumulated  allowed  the  refinement  of  design  coefficients 
to  a  high  degree  of  confidence. 
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TORQUE  PARAMETER 


(u)  The  fuel  turbine  staging,  impulse  vi th  velocity  compounding,  is  quite 
similar  to  staging  tliat  has  previously  been  evaluated.  Therefore,  the  final 
fuel  turbine  hardware  is  expected  to  perform  in  close  conformance  witli  the 
estimated  ji  rformance  map. 

(u)  Itiel  Turbine  liotor  Blades.  Turbine  blade  sti'csses  were  esti¬ 
mated  based  on  similar  bl.^les  in  existence.  The  first-  and  second-stage 
blades  are  hollowed  and  shrouded.  The  third  stage  is  tapered  and  twisted 
and  will  probably  he  shrouded  to  reduce  vibration  induced  stresses.  Tlie 
cstimateu  steady-state  stresses  are  shown  in  Table  'iO.  The  values  sho-\.-n 
do  not  include  stresses  caused  by  twisu  or  stacking.  Optimum  fillet  radii, 
having  minimum  stress  concentrations,  were  assumed. 

(u)  Vibration  natural  frequencies  ver-e  estimated  for  the  third-stage  blade, 
which  is  expected  to  be  the  most  critical  stage.  An  interference  diagram 
for  this  stage  is  shown  in  Fig.  128.  If  the  blades  are  unshrouded,  a  reso¬ 
nant  frequency  will  be  experienced  within  the  operating  speed  range.  A 
number  of  approaches  to  minimize  the  severity  of  this  potential  problem 
area  will  be  considered.  A  selection  of  geometry  and  numbers  of  nozzles 
to  remove  the  resonant  frequencies  from  the  operating  speed  range  is  a 
possible  but  not  probable  solution.  A  continuous  tip  shroud  may  raise  the 
first  tangential  bending  frequency  above  the  operating  speed  range. 

(U)  If  the  resonant  frequencies  cannot  be  removed  from  the  operating  speed 
range,  the  geometry  may  be  selected  so  that  they  occur  in  the  lower  speed 
(low  stress)  range,  and  the  intermediate  and  high-speed  ranges  are  free  from 
resonances.  An  additijnal  alternative  is  available.  A  change  in  geometry 
to  fir  tree  attachments  can  be  made  without  affecting  the  overall  package 
Size,  providing  the  discs  are  welded  together  rather  than  bolted,  as  men¬ 
tioned  previously.  Tests  will  be  conducted  to  verify  the  blade  natural 
frequencies.  Studies  will  be  made  to  optimize  the  design  for  the  vibration 
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Tliird  Stage 
(Unehrouder ) 


p  _ 1 _ 1 - 

MAXIMUM  STllESSES  (at  leading  and  trailing  edges), 

psi 

Without  StrcBB 

Goncentra lion 

Centri fugu 1* 

30,500 

44,100 

42,170 

Power  Bending 

5,300 

5.190 

To  to  1 

35,860 

47,360 

With  Stress  Concentration 

Centrifugal* 

37,900 

54,900 

Power  Bending 

6,700 

6,900 

Tota  1 

4*1,600 

61,800 

MATERIAL  PHOPERTIFS  FOR  INCO  718 

- 1 

Ultimate  Strength,  psi 

124,000 

153,000 

156,000 

10  Hour  Rupture  Strength,  psi 

83,000 

140,000 

150,000 

Tempera tui'e ,  F 

1,320 

1,100 

945 

NOTE:  Speed  38 i 900  rpm 

11^..  -  _  tot  u  ^ 

A  uwt-i  j 

Torque  3h,?00  in. -lb 

*Centrifugal  bending  stresses  ore  not  included. 


FREQUENCY,  KILOCY 


SPEED,  RPM  X  1000 


Figure  128.  Third-Stage  Turbine  Dlade  Interference  Diagram 


consideration,  llio  vibratinr  considcrati ons  arc  expected  to  be  less  critical 
in  the  first-  and  secoinl- nt.igc  blades  vitli  integral  continuous  shrouds.  The 
tlicrmal  duty  cycle  will  be  defined  for  operating  conditions.  Thermal  stresses 
and  the  attendant  low  cycle  fatigue  will  also  be  a  consideration  in  determining 
the  airfoil  and  shroud  croas-ecctional  geometries. 

(U)  Fuel  Turbine  Inlet  Mmiifold.  The  turbine  inlet  manifold  will  be 
made  of  lla>  telloy  C.  Use  of  llastelloy  C  eliminates  the  need  for  a  heat  treated 
weldmeiit  fend  provides  adequate  rupture  strength  and  good  ductility.  The  ther- 
tpal  duty  cycle  will  be  defined  and  low  cycle  fatigue  considered  in  the  sizi.ig 
of  the  maniiold  and  turbine  stationary'  parts. 


(C)  Seal  Analysis.  The  function  of  the  main  liquid  hydrogen  pumji  seal 
package  is  to  prevent  excessive  leakage  of  liquid  hydrogen  into  the  turbine. 
The  package  consi-sts  of  three  flow  restrictions  in  series  between  the 
IGOO-psig  fluid  at  the  inlet  to  the  second  stage  and  270-p3ig  turbine 
downstream  pressure.  Tlie  fir.st  and  third  restrictions  arc  labynintb  seals 
which  roust  flow  a  substantial  atocuui  of  fluid  to  create  a  pressure  drop 
seals  whicli  rau.st  flow  a  substantial  amount  of  fluid  to  create  a  pressure  drop, 
and  so  arc  considered  mainly  as  backuji  seals.  The  .second  seal  is  the  main 
flow  restriction  and  is  a  positive-typo  shaft  seal,  which  will  bo  referred  to 
as  the  primary  LH,,  seal. 

(C)  The  most  advanced  seal  application  in  the  LU2  pump  is  the  high-pressure 
primary  IJI,,  seal  which  will  be  required  to  operate  outside  jirescnt  experience 
and  stale  of  the  art  for  both  speed  (755  ft/sec)  and  pre.ssiire  (ibUO  psig). 

(u)  Ill  order  to  attain  the  life  requi.red,  seal  concepts  other  than  two  con¬ 
tacting  flat  rubbing  surfaces  will  be  required  because  of  tlie  high  heat  gener¬ 
ation  and  resulting  wear.  An  attractive  alternative  is  the  liftoff  seal,  in 


wjiicti  till-  souling  faces  are  sepuiutcd,  cliniiiiaiiiig  vour.  Testing  to  date 
liad  indicated  tliu  .  hydroetatic  liftoff  seals  can  perforiu  satisfactorily  at 
higli  sgeeds  for  UI,,  servicj-.  It  ii-  felt  that  the  hydrostatic  seal  is  adapt¬ 
able  to  higher  presauros  and  speeds  because  of  its  noncontacti«ig  feature. 

(U)  Tlie  hydrostatic  seal  is  self-compensating,  in  tiiat  face  geometry  is 
designed  so  that  the  seal  is  hydraulically  in  balance  with  the  faces  sepa¬ 
rated  slightly.  Furtlicr  opening  drops  the  pressure  between  the  seal  faces, 
and  hydraulic  forces  tend  to  close  the  seal.  'I'hc  seal  then  operates  at  a 
small  controlled  gap  with  a  small  steady  leakage.  Because  the  hydrostatic 
seal  remains  lifted  off  as  long  as  the  apjilied  pressure  exceeds  the  design 
liftofr  pressure,  this  tyjie  of  seal  should  be  inHCiisitive  to  speed,  higlier 
pressure,  or  operational  time.  The  remaining  design  goal  is  then  to  i)rovidc 
a  secondary  seal  (moat  probably  a  bellows)  capniile  of  withstanding  the  seal 
pressure . 

(c)  Bearing  Analysis.  The  most  significant  new  tcclinology  area  in 
the  turbopiimps  is  tlie  turbine  bearings  which  must  oi>ernte  at  >5)000  ri>m 
(iJlg  pump)  and  25,000  rpm  (LO^  pump)  lubricated  niul  cooled  by  gaseous  liy'dio- 
geu.  A  limited  amouut  of  testing  was  coi»ducted  in  which  ball  bearings  were 
cooled  with  gaseous  liydrogcn.  Two  sets  of  A5-nim  bore  bearings  were  run  at 
rpm  to  36,800  rpm  io;'  212  total  tiot  time.  Three  sets  ol 

60-nira  bore  bearings  were  operated  for  accumulated  test  times  of  481,  301, 
and  507  seconds,  respectively'.  In  general  it  was  concluded  that  noic  cage 
pocket  wear,  lower  load  and  speed  c.-'pacity,  and  more  ball  and  race  surface 
degradation  occur  witli  Gllg-coolcd  bearings  when  compared  to  Lll,, -cooled 
bearings . 

^U)  Two  potential  solutions  are  considered;  tiie  iinal  choice  will  depend 
ujion  test  results.  Preliminary  tests  will  be  conducted  to  determine  ujirating 
limits  with  gaseous  liy'drogen  coolant.  As  an  alternative,  a  lubrication  sys¬ 
tem  with  gaseous  hydrogen  plus  an  additive  such  as  tributyl  phosjdiate  will  bo 
tested.  This  sy'steu:  has  been  used  for  gear  and  bearing  lubrication  in  another 
application.  The  anticipated  lubrication  requirements  for  the  turbine  bear¬ 
ings  are  less  severe  than  those  for  gears,  and  it  is  therefore  expected  that 
an  additive  system,  if  needed,  will  comprise  a  satisfactory  solution  of  opera¬ 
tional  problems. 
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(u)  The  prcliraiiiury  tlejjigna  of  both  turbujiurapa  shov  ball  bearings  j)rcloaileJ 
with  springs.  Consideration  will  be  given  during  tlie  detail  design  to  the 
use  of  roller  bearings  in  the  turbine  position.  The  roller  bearings  nra 
oxjiected  to  have  the  following  advantages; 

1.  No  sliding  of  outer  race  required 

2.  High  ra<linl  stifiiicns 

It  is  expected,  however,  tliat  roller  bearings  will  require  additives  in  the 
gaseous  hydrogen  to  prevent  c.xccasivc  roller  end  wear. 

(ll)  The  choice  among  the  al l.eriiu Li\ e  systems  will  be  based  on  design  anal¬ 
yses  including  shaft  dynamic  analysis  and  upon  bearing  test  results. 


(u)  Hotordynamica .  Several  critical  sjiccd  analyses  were  performed  for 
various  configurations  of  111,,  iurbo]iufflp  rotating  assembly.  Each  rotating 
assembly  was  idealized  as  a  system  of  lumped  mass  stations.  The  inertia 
proi'ertiea  and  elastic  clinruc tcristica  for  each  station  were  then  approxi¬ 
mated.  The  system  simulated  was  thou  evaluated  b^  a  transfer  matiix  scheme 
yielding  the  critical  sjiocds.  The  analysis  procedure  was  jicrformcd  using 
digital  pregnuns  operating  on  the  IHM  system  TOO.  Critical  s]>ccd  variations 
for  changes  of  bearing  radial  s]iriug  rates  wore  studied.  The  final  config¬ 
uration  analyzed  exhibited  at  least  one  critical  speed  witliin  the  operating 
Bjiced  range  for  anj  piactical  range  of  bearing  spring  rate.  Figure  129  dis¬ 
plays  a  plot  ol  critical  speeds  v.s  bearing  radial  spring  rate.  Bearing 
spring  rates  in  excess  of  1.3  (lO  )  Ib/iii.  are  recommended  to  minimize  criti¬ 
cal  sjiecd  problems;  i.e.,  for  such  values  only  one  critical  speed  will  exist 
within  the  desired  operating  speed  range.  Figure  130  shows  the  first  critical 
speed  sliaft  nonualized  mode  shape.  Altiiough  the  rotor  analysis  indicates 
the  first  critical  speed  to  he  witliin  the  throttling  speed  range,  it  is  pre¬ 
dominantly  a  bearing  critical  speed  (most  of  tlic  dcfler+iop  due  to  hearing 
flexibility).  Experience  with  similar  types  of  rotating  assemblies,  with 
proper  balancing  of  the  physical  rotor  and  dnmj-ing  by  the  fluid  forces, 
shov  that  this  critical  speed  mode  is  not  apparent  in  experimental  data. 
Iloivrever,  the  analysis  does  point  out  a  potential  area  to  be  cognizant  of, 
during  development  testing,  should  problems  arise. 


(This  page  is  Unclassified) 
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Figui-e  130.  Turbopump  Firet  Critical  Speed  Mode  Shape 
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(c)  Oxiili/.oi-  '1  iLihoimiiii.  l)CHit;it  Ik-quirt^mcii tii .  The  initial  oxidizt'i  luilm- 
fiiuiip  tlusigii  ri'ii'ji  rcmcijts  wci’c  dci'ivod  i'roiu  the  tliruat,  pcrluiiinuico,  luid 
ojicrnt  ioiial  leqiii  rcjueii  t  s  lialcd  in  '1  uhle  9,  logcllior  vilh  (he  presauio 

xeijiii remen ty  defined  by  the  system  unnlyaea.  The  demons tiutui-  miiihile  o.\i- 
dizei'  jMuiip  design  -nuyt  meet  tlie  reqni  rciueiUs  listed  in  'I'uble  njid  jii'n- 
vide  n  maxiimmi  efficiency  not  lean  thtui  73  percent  over  the  lui  Mure  ratio 
excursion  ut  full  (hrii 


(c)  TAULf  41 


OXlDlZKlt  TUl(hOrL"Ml’  DESIGN  CONDITIONS 


Purnnic  ter 

1 

1  Nominal 
(Mll=6:l  ) 

Muxiiuuiu 
Off  Nominal 

3o 

Tolcrmice 

I 

Maximum  Design 
Itequiremeiit 

Puiup  (1^,  gpni 

3126 

3295 

3455 

Pump  Pj^,  psift 

2060 

211S 

2204 

Nl’Sli,  feet 

16 

Pump  Inlet  Pressure,  paia 

40.0 

Pump  Inlet  Temperature,  11 

175.6 

Turbine  W^,  Ib/sec 

3.91 

4.13 

0,47 

4.6 

P.  (Turbine  Inlet  Pressure), 

750 

791 

92 

883 

p  H  i  fl 

P^,  (Turbine  Discharge  Pressure), 

40 

44.1  (mu5) 

4.32 

48.42 

pdiu 

1  (Turbine  Inlet  Gus 

I960 

I960 

152 

2112 

Temperature),  P 

Turbine  Efficiency 

47.4 

(u)  The  turbine  v>-a8  designed  based  on  the  gas  generutor  in-opertics  listed 
in  Table  ‘19  .  For  turbopump  operating  cliaracteristics  at  off-d*sign  mixture 
ratios  see  Table  10  ,  page  78» 


Oxidizer  TurboTmniii  Alternatives  Stiidie>L 


(c)  Pump  Configuration.  Because  of  the  high  density  of  LJ^,  the 
required  pump  head  is  relatively  lov  (ll  4610  leet  maximum).  The  low  head, 
when  combined  with  high  speed  (to  minimize  weight  and  envelope),  results 
in  a  high  specific  speed  design.  The  high  specific  speed  and  medium  volume 
flow  of  3100  gpm,  combined  with  the  requirement  for  throttling,  make  this 
pump  ideally  suited  to  a  centrifugal  design.  Such  a  pumji  has  the  charac¬ 
teristics  of  high  efficiency,  low  weight,  design  simplicity,  and  wide  off- 
design  performance.  Therefore,  no  otljer  candidate  configurations  were 
investigated  for  the  main  centrifugal  stage.  The  analysis  for  the  selec¬ 
tion  of  a  hydraulic  turbine  mounted  in  the  prcinducer  hub  to  drive  the 
preinduoer  was  presented  with  the  fuel  pump  preinducer  drive  analysis, 
page  248. 

(u)  Oxidizer  Turbine  Disk  Configuration.  A  study  was  conducted  to 
determine  the  required  turbine  disk  configurations.  The  selected  profiles 
aiid  corresponding  stresses  are  shown  in  Fig. 131  through  134.  The  disc  mate¬ 
rial  is  Inconel  718  and  the  blades  are  fir  tree  attached.  During  the 
initial  portion  of  this  study,  the  required  sizes  were  calculated  for  the 
third-stage  disc  with  and  without  a  central  hole.  The  results  are  shown 
in  Fig.  131  and  135.  This  study  was  conducted  considering  blades  with  fir 
tree  attachments.  The  thickest  hollow  disc  considered  (Fig.  135)  did  not 
have  an  adequate  allowable  speed.  From  0  comparison  of  Fig.  131  and  135  it 
can  be  observed  that  the  solid  disc  offers  advantages  in  turbine  assembly 
and  weight.  During  the  detail  design  of  the  turbine  disc,  analysis  will 
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Figure  132.  Fir8t-Stage  Oxldlaer  Turbine  Disc  Stress  vs  lladius 
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RADIAL  AND  TANGETIAL  STRESS,  PS! 
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Figure  133-  Second-Stage  Oxidizer  Turbine  Disc  Stress  va  Radius 
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Figure  155.  Mark  3O-O  Turbine  Third  Stage  Disc  Preliminary  Sizing 
Disc  With  Hole  (Shrouded  Fir  Tree  Blades) 
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be  perfonned  to  detcmiinc  the  disc  natural  Ircqucncica  and  critical  running 
speeds.  Disc  profiles  will  be  modified  us  i-eqnircd  1o  remove  the  critical 
running  speeds  from  the  operating  speed  range. 

(U)  Oxidizer  Turbonump  Description.  The  oxidizer  tiirboi>umi>  consists  of 
a  single-atnge,  centrifugal  pumj>  mounted  on  a  common  shaft  with  a  three- 
row  turbine,  with  a  concentric,  integral,  hydraulic  turbine  driven  pre- 
inducer.  A  layout  of  the  complete  assembly  is  shown  in  Fig,  I36. 


(U)  I^ump.  The  ovidizer  pump  assembly  consists  of  the  prei"'luccr, 
the  impeller,  and  the  housing. 

(C)  The  prcinducer,  designed  to  meet  the  NPSH  condition  of  I6  feet,  is 
similar  to  the  fuel  pump  prcinducer,  with  four  vanes  at  the  inlet  increasing 
to  eight  at  the  discharge.  It  operates  at  approximately  25  percent  of  the 
main  pump  speed  (6OOO  rpm) ,  and  produces  a  head  rise  of  320  feet,  which  re¬ 
quires  that  tlic  following  high-speed  inducer  operate  at  a  very  moderate 
suction  specific  speed  of  17,900.  The  oxidizer  preinducer  drive  differs 
from  the  fuel  preinducer  drive  in  that  a  four-stage  hydraulic  turbine  is 
located  in  the  inducer  hub  rather  then  a  single-stage  in  the  main  hydro- 
dynamic  passage.  It  is  driven  by  high-pressure  (2000  psia)  liquid 
oxygen  tapped  from  the  pump  discharge,  and  returned  to  the  main  pump  flow 
between  the  preinducer  and  the  main  inducer.  At  the  nominal  design  point 
the  recirculated  flow  is  approximately  15  percent  of  the  total  oxidizer 
flowrate.  A  fifth  stage  could  be  added,  which  would  reduce  the  hydraulic 
turbine  flow  to  12  percent  if  a  higher  efficiency  became  necessary.  The 
hub  turbine  drive  also  offers  the  possibility  0''  separate  speed  control  of 
the  preinducer  by  including  a  throttle  valve  in  the  hydraulic  turbine  sup¬ 
ply  line.  The  preinducer  design  parameters  are  shown  in  Table  42. 
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Figure  136B^  Demonstrator  Engine  Oxidizer  Turbopump 


(c)  TABLE  vd 


OXIDIZEIl  rm:rNDUCER  design  P/UlAMiriTUS  and 
On  -DESIGN  OPEllATING  CONDITIONS 


Mixture  Ratios  | 

5 

6 

7 

— 

Pre inducer 

Speed ,  rpm 

D300 

6000 

6300 

Inducer  Inlet  Flow  Coefficient 

0,069 

0.07 

0.0706 

licnd  Rise,  feet 

310 

320 

330 

Inducer  Inlet  Tip  Diameter,  incites 

9 

Blade  Number  k  Plus  4  Splitters 

Inducer  Diacunrge  lip  Diameter,  inches 

7.75 

Inducer  Head  Coefficieni 

0.250 

Stator  Inlet  Tip  Diameter,  inches 

n 

t  •  t  y 

Stator  Discharge  Tip  Diameter,  inches 

6.75 

Hydraulic  Turbine 

Hub  Turbine  Pitch  Diameter,  inches 

5.75 

Passaic,  Height,  inch 

0.29 

Number  of  Stages 

4  to  5 

(c)  Tlie  liigh-spf oil  inducer  lias  blades  macliiiicd  from  K-moiiel  and  splitii^d 
to  the  main  shaft.  It  operates  at  a  tip  speed  of  50?  ft/sec  (at  25,000 
rjtni)  uiiu  provides  a  head  rise  ul  IXii  feet. 

(c)  The  selected  itipellcr  design  results  in  a  centrifugal  stage  head  co¬ 
efficient  of  0.357  and  a  stage  efficiency  of  80  percent.  The  imj>cller  is 
made  of  Tcii8-50  aluminum  and  is  shrouded  to  permit  large  clearances  between 
metal  surfaces  to  minimize  explosion  hazard.  The  impeller  seals,  which 
operate  with  close  clearances,  are  fabricated  of  fluorocarbon  material, 
which  has  been  e.xperimcnfcally  demonstrated  to  bo  safe  for  this  application 
during  operation  in  ll-l,  J-2,  and  F-1  oxidizer  pumps  supplied  to  the  NA.SA. 
The  basic  impeller  geometry  is  presented  in  Table  43. 

(u)  The  pump  housing  is  made  of  cast  Tens  50  aluminum  alloy  and  incorpor¬ 
ates  a  double-tongue  volute  with  the  two  passages  joined  upstream  of  a 
single  discliarge.  The  volute  construction  minimizes  radial  bearing  loads 
at  off-design  conditions  and  reduces  volute  friction  losses  by  cutting  t!ie 
flow  path  length.  A  port  is  provided  upstream  of  the  discharge  flange  for 
the  preinducer  turbine  drive  fluid  supply. 


(U)  Turbine.  The  oxidizer  turbine  is  a  three-row,  essentially  velocity 
compounded  impulse  turbine  similar  to  the  fuel  turbine. 

(U)  Turbine  discs  are  mounted  similar  to  tlie  LII,,  turbine,  and  torque  is 
transmitted  to  the  pump  impeller  tlirougli  a  splined,  integral  turbine  shaft. 
Since  turbine  length  is  not  dictated  by  disc  stress  considerations,  discs 
will  be  macliined  independently  of  the  blades  and  the  cast  blades  will  be 
attaclied  to  the  discs  witli  fir  trees.  Blades  on  all  tJirec  rows  are  .sliroudcd, 
and  honeycomb  seals  are  provided  both  at  the  blade  tips  and  at  the  inter¬ 
stage  diaphragm.  The  turbine  gns  pntli  and  design  parameters  are  showi  in 

Fig.  137. 
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(C) 


TABLE  43 


OAlDlZJtit  CENTHll' liliAL  I'UMi'  blAuE  UJAIHtnlY 

High  Speed  Inducer 

Speed,  rpiii  25,000 

Inducer  inlet  flow  coefficient  0.201 

Inducer  heat  riac,  feet  7lC> 

Inducer  inlet  tip  diameter,  inches  4.65 

Inducer  dischaige  tip  diameter,  inches  4.4 

Inducer  head  coefficient  0.100 

Suction  specific  speed  17,900 

Imjieller 

Impeller  inlet  eye  diameter,  inches  4.4 

Impeller  tip  diameter,  inches  5-5 

Impeller  tip  width,  inches  0.9 

Centrifugal  stage  head  coefficient  0,357 


(u)  BearinRS .  The  liquid  oxygen  turbine  employs  tvo  hydraulically 
coupled  rotating  elements  each  supported  on  two  ball  bearings.  For  pur¬ 
poses  of  tabulation  they  will  he  designated  1^,  2^),  yp,  and  fgp.  The  de¬ 
sign  requirements  of  the  oxidizer  turbopump  bearings  ore  shown  in  Table  44. 

(c)  The  liOg  pump  employs  four  propellant-lubricated  ball  bearings  for 
component  location:  two  on  the  hydraulically  driven  preinducer  and  two 
on  the  turbine  and  pump  shaft.  The  preinducer  operates  at  6000  rpm,  with 
both  bearings  cooled  and  lubricated  by  recirculation  of  LOg*  bearings 

have  40-millimcter  bores,  operate  at  nominal  speed,  and  are  considered  to 
be  a  state-of-the-art  applications  that  will  pose  no  design  and  development 
problems . 

(c)  The  inlet  cud  bearing  on  the  pump  shaft  (50-millimeter  bore)  will 
operate  at  25,000  rpm,  cooled  by  ID,.,,  and  will  support  any  net  hydraulic 
pump  thrust  loads.  Recent  testing  on  an  IHD  program  has  demonstrated  the 
capability  of  a  similar  bearing  to  operate  at  25,000  rpm  at  a  thrust  load 
of  600  pounds  for  15  hours.  To  attain  bearing  reliability  with  no  further 
developments,  the  net  turbopump  thrust  must  be  balanced  to  the  ±600  pound 
range.  Assuming  that  this  is  done,  the  3^  bearing  application  is  considered 
withiit  successful  test  experience. 

(U)  Since  the  environment  downstream  of  the  o utboard  turbine  bearing 
seal  in  hydrogen-rich,  this  bearing  is  lubricated  and  cooled  with  gaseous 
hydrogen  tapped  from  the  thrust  chamber  inlet  manifold.  A  discussion  of 
this  application  was  presented  in  the  Hydrogen  Turbopump  Bearings  section 
of  this  report. 

(u)  Seals .  The  most  sensitive  seal  application  is  the  oxidizer 
seal  package,  whose  function  is  separation  of  LOg  and  hydrogen-rich  steam 
used  in  the  turbine.  Mixing  of  these  fluids  can  result  in  on  explosion. 

The  oxidizer  pump  will  employ  a  redundant  seal  arrangement,  in  which  failure 


of  nny  one  of  three  seals  vill  not  result  in  aixiiig  of  tlie  sealed  fluids. 
The  package  will  consist  of  a  primary  LO^  face  seal,  designated  A,  u 
purged  shoft  riding  intermediate  seal  (D),  and  a  turbine  face  seal  (c). 
The  purge  gas  will  be  introduced  into  the  interior  of  the  shaft  riding 
senl .  where  it  will  be  maintained  at  a  pressure  higher  than  that  exist¬ 
ing  in  either  of  the  drain  lines,  thus  preventing  any  leakage  of  either 
senl  from  entering  the  purged  area.  The  purge  gas  leaking  across  the 
shaft-riding  segments  carries  leakage  with  it  from  both  seals  out  the 
drain  lines.  This  senl  arrangement  has  been  used  successfully  on  the 
Il-l,  I'-l,  and  J-2  turbopumps. 

(U)  The  design  requirements  for  the  above  seals  and  also  the  outboard 
turbine  seal  (d)  are  summarized  in  Table  45. 

(u)  Materials.  The  oxidizer  pump  does  not  have  stress  levels  as 
high  as  the  fuel  pump,  and  therefore  aluminum  alloys  are  used  wherever 
possible.  The  preinducer  is  made  of  machined  6O6I-T6  aluminum  and  the 
impeller  of  cast  Tens-50  aluminum.  These  materials  provide  the  required 
strength  for  the  pressure  bending  loads  and  have  long  been  used  success¬ 
fully  as  a  cryogenic  inducer  material.  However,  wrought  K-Monel  was 
selected  for  the  high-speed  inducer  because  of  its  cavita'^  ion  resistance 
properties.  The  pump  inlet  housing  and  volute  are  made  of  cast  Tens-50 
aluminum  just  as  in  the  fuel  pump. 

(u)  Because  the  turbine  blades  are  machined  separately  and  attached  to 
the  discs  with  fir  trees,  it  is  possible  to  use  a  different  material  than 
that  of  the  disc.  Therefore,  Inconel  713C  was  used  for  the  blades  be¬ 
cause  of  its  better  macliinahility,  and  Inconel  718  was  used  for  the  tur¬ 
bine  discs  as  in  the  fuel  turbine.  The  turbine  manifold  and  nozzle  block 
are  both  made  of  Hastelloy  C, 
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OXIDIZER  SEAL  PACKAGE  DESIGN  REQUIREMENTS 
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(u)  Qxid  izer  Turbopump  Analysis.  The  following  paragraphs  discuss  the 
performance,  hydrodynamic,  and  stress  analyses  made  in  connection  with 
the  oxidizer  turbopump  design. 

(c)  Pump  Performance.  A  hydrodynamic  analysis  similar  to  that  dis¬ 
cussed  under  the  fuel  pump  was  used  to  generate  the  pump  performance 
shown  ill  Fig.  138  This  map  also  includes  the  estimated  pump  operatinr^ 
line  throttling  down  to  5:1-  For  the  oxidizer  preinducer,  a  MI’S!!  of  12 
feet  was  used  to  ensure  meeting’ the  I'equirement  of  60  feet. 


Figure  138.  Mark  30  Oxidizer  Pump  Performance  Map 
(Vith  Engine  Operating  Lines) 

(U)  Axial  Thrust  Balance.  The  turbopump  axial  thrust  balance  will  be 
accomplished  by  setting  the  front  and  rear  impeller  seal  diameters  to  bal¬ 
ance  the  pump  and  turbine  loads  within  values  which  can  be  sustained  by 
the  hearings.  The  axial  thrust  can  be  maintained  within  ±500  pounds  after 
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a  development  program,  and  the  initial  load  values  will  permit  the  teat 
program  required  to  finalize  the  axial  thrust  system.  Trimming  of  axial 
tlirust  will  be  accomp' islied  by  use  of  antivortex  ribs  inside  the  impeller 
rear  seel.  Th*.'  stntionnry  ribs  control  the  pressure  gradient  inside  tlie 
wear  ring,  and  varying  the  diameter  will  vary  tlie  impeller  thrust.  This 
system  has  proved  effective  on  the  J-2  oxidizer  pump  and  the  F-1  fuel  pump. 

(c)  Pump  Structural  Analysis.  The  fluid  turbine  preinducer  assembly 
for  the  LOX  pump  will  have  a  maximum  operating  speed  of  6750  rpm.  At  this 
speed,  the  proposed  aluminum  hub  and  shroud  assemblies  will  be  structurally 
adequate  to  support  the  centrifugal  loads  without  excessive  deflections. 

(C )  The  LO^  pump  main  inducer  will  operate  at  a  maximum  sxieed  of  27,000 
rpm.  The  calculated  maximum  allowable  safe  operating  speed  fur  the  K~ 

Hoiiel  ap] ined  hub  configuration  is  31,500  rpm. 

I 

(C)  The  LOg  impeller  backplate  (Fig.  139)  is  satisfactory  for  the  27,000- 
rpm  maximum  operating  speed.  The  impeller  will  be  made  of  premium  strength 
Tens-50  aluminum  with  Grade  1  properties  in  the  critical  areas.  The  cal¬ 
culated  backplate  burst  speed  is  41,800  rpm,  resulting  in  an  allowable 
operating  speed  of  31,^00  rpm.  The  radial  and  tangential  stress  distri¬ 
butions  are  also  shown  in  Fig.  139* 

(")  The  critical  section  of  the  shaft  between  the  impeller  drive  spline 
and  the  turbine  (the  spline  relief)  is  structurally  adequate.  The  shaft 
is  sized  to  withstand  the  applied  torsional  and  bending  stresses. 

(u)  This  volute,  like  the  fuel  volute,  will  be  made  of  high-strength 
Ten8-50  aluminum,  and  will  be  proof  tested  to  pre-yield  the  material  in 
the  higher  stress  regions  and  to  provide  a  partial  measure  of  quality 
assurance. 

( ; 
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RADIAL  AND  TANGENTIAL  STRESS,  PSi 


(c)  Turbine  Performance.  The  esiimatcil  performance  map  of  the  oxi¬ 
dizer  turbine  ia  ahown  in  Fig.  140.  This  map  was  developed  in  a  manner 
similar  to  the  fuel  turbine  map  discussed  on  )>agc  290.  Dccause  of  the 
system  control  requirements,  the  turbine  inlet  pressure  for  the  oxidizer 
turbine  is  750  psia.  This  is  250  psi  lower  than  the  fuel  turbine  inlet 
pressure  because  of  the  series  hot-gas  valve  arrangement.  However,  higher 
inlet  pressures  were  not  found  to  be  advantageous  for  the  oxidizer  turbine 
because  they  require  a  reduction  in  the  first-stage  blade  height,  with  an 
associated  loss  in  efficiency. 

(u)  LO,,  Turbine  Rotor  Blades.  Turbine  blade  stresses  were  estimated 
from  data  on  similar  Hocketdyne  turbine  blades.  The  blades  will  be  hollow 
and  shrouded.  The  steady-state  stresses  are  shown  in  Table  46,  The 
blades  will  be  designed  with  optimum  fillets  to  minimize  stress  concentrations. 

(u)  The  blades  will  be  tilted  to  partially  compensate  for  the  power  bending 
moment,  and  hence  reduce  the  leading  and  trailing  edge  stresses. 

(u)  Vibration  natural  frequencies  were  estimated  for  the  first-  and  third- 
stage  blades.  Although  the  configuration  shown  on  the  layout  has  fir  tree 
blade  attachments,  frequencies  were  estimated  for  integrally  machined  blades. 
This  was  done  to  sec  whether  there  was  any  possibility  of  designing  the  un- 
shrouded  blades  such  that  no  natural  frequencies  would  fall  within  the 
operating  speed  range,  i.e.,  if  the  first  tangential  bending  mode  could  be 

T*oiaorl  tilB  nioy  mijm  QpoT»ri'J  TilS  1  Kw CJTCRC  £  rj  i  ogy  om  J*o_ 

suiting  from  this  study  is  shown  in  Fig.  141.  As  can  be  seen  from  this 
figure,  the  first  cantilever  bending  natural  frequency  of  an  unshrouded 
integral  blade  falls  within  the  operating  speed  range. 

(u)  Incorporating  a  fir  tree  blade  attachment  lowers  the  natural  frequencies. 
It  is  likely  that  there  will  be  some  natural  frequency  excited  within  the 
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TORQUE  PARAMETER 


mm 


P.  =355 

A, =0.980  90  IN. 
Om*  10  INCHES 


--TURBINE  EQUIVALENT  NOZZLE  ARE.A 
0^- TURBINE  MEAN  DIAMETER 
T  -TORQUE ,FT-L0 
N  - SPEED, RPM 
w  -WEIGHT  FLOW,  LB/SEC 
T,  -INLET  TEMPERATURE  ,  R 
P,  -INLET  TOTAL  PRESSURE  ,  PSIA 
P,  -EXHAUST  STATIC  PRESSURE  ,  PSIA 
R  -GAS  CONSTANT  ,  FT/R 

- -  =  3.834 

P|  Ae 


(SiKlIFDfflgRIiroaiL 


SPEED  PARAMETER ,  rnLll 

Figure  140..  Mark  30-0  Turbine  Estimated  Performance,  Tapoff 
Cycle,  Parallel  Operation,  Three-Stage  Version 
322 


(c)  lAULE  46 
TUUBINE  BIAPl::  STRESSES 


First  Stage 
(Shrouded) 

Second  Stage 
(Shrouded) 

Third  Stage 
(Unahrouded) 

MAXIMUM  STRESSES,  pai  j 

Without  Streaa  Concciitration 

Centrifugal  Streae 

8,280 

20,000 

Power  Pending  Stress 

2,080 

mgsm 

Tota  1 

10,360 

mSM 

With  Stress  Concentration 

Centrifugal  Stress 

10,250 

24,800 

39,600 

Power  Bending  Stress 

2,580 

4,180 

4,090 

Total 

12,830 

28,980 

43,690 

1  MATERIAL  PHOPEIITIES,  INCO  713C 

Ultimate  Strength,  psi 

106,000 

107,000 

100,000 

10  Hour  Rupture  Strength, 

pHi 

85,000 

100,000 

104,000 

Temperature,  F 

1,330 

1,120 

890 

NOTE; 


Speed  27|000  rpn 
Power  6,258  hp 
Torque  14,650  in. -lb 
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FREQUENCY.  1000  CPS 


operating  speed  range,  Sevi.r?l  alternatives  will  be  considered.  Choosing 
the  innnbcr  of  nozzles  sucL  that  the  first  tangential  and  first  axial  mode 
natural  frequencies  are  excited  below  the  minimum  steady  operating  speed, 
and  the  second  tangential  (node  is  excited  above  the  maxii'ium  steady  oper¬ 
ating  Sliced,  is  a  possible  alternative.  Another  cousidci  ation  is  to  allow 
the  blades  to  be  in  resonance  at  low  speeds  (low  stress)  such  that  the 
blade  is  free  of  resonance  in  the  middle  and  higher  end  of  the  operating 
speed  range.  Still  another  consideration  is  to  cast  the  turbine  blades 
in  clusters  with  continuous  root  and  tip  shrouds  joining  the  blades  within 
the  cluster.  This  would  raise  the  tangential  frequencies  considerably. 

(u)  The  most  probable  solution  to  the  frequency  problem  would  be  to  machine 
tlie  blades  integral  with  tin  disc  with  a  continuous  integral  shroud.  This 
would  possibly  raise  all  major  natural  frequencies  above  the  maximum  oper¬ 
ating  speed  if  the  number  of  nozzles  could  also  be  minimized.  Other  prob¬ 
lems,  such  as  damping,  thermallj'  induced  stresses  and  anticipated  scrap 
rates  would  also  have  to  be  considered  for  tliis  type  of  design. 


(u)  Liquid  Oxygen  Turbine  Manifold.  The  turbine  manifold  is  made  of 
Hantelloy  C.  Use  of  Hustelloy  C  is  desirable  because  no  heat  treatment 
is  required.  This  facilitates  fabrication  and  welding.  The  thermal  duty 
cycle  will  be  defined,  and  this  part  will  be  designed  to  meet  the  life  re¬ 
quirement  as  dictated  by  low-cycle  fatigue  and  stress  rupture  considerations. 

(C)  Rotordyriamics .  Several  critical  speed  analyses  were  performed 
for  various  preliminary  configurations  of  the  LO^  turbopump  rotating  assembly. 
The  final  configuration  considered  conpiated  of  pump  mainshaft  and  preinducer 
rotating  as.semhlies.  Figures  142  and  l'’*3  display  the  variation  of  critical 
speed  vs  bearing  radial  spring  rates  for  both  the  inducer  and  main  shaft. 

The  analysis  indicates  that,  for  bearing  radial  rates  in  excess  of  2  (lO  ) 
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ng  Spring  Rate  for  Mainshaft 


Ib/in.,  on  both  mainshaft  and  preinducer,  no  critical  speed  problems  will 
exist  within  the  operating  speed  range  (8,600  to  25,000  rpm) .  Figure  144 
shows  the  first  critical  speed  shaft  mode  shape. 


(U)  Oxidizer  Turbopump  Seals.  The  high  speed  of  the  LOg  turbopump 
leads  to  the  choice  of  a  hydrodynamic  oi‘  hydrostatic  liftoff  seal  for 
the  primary  LO^  seal. 

(C)  Testing  accomplished  under  company  sponsorship  at  similar  speeds  indi¬ 
cates  that  a  hydrodynamic  seal  outperformed  a  conventional  rubbing  contact 
face  seal  for  LOg  service;  a  modified  hydrodynamic  seal  operated  for  14 
hours  at  25,000  rpm,  whereas  a  conventional  seal  was  limited  to  approxi¬ 
mately  2  hours.  The  tests  simulated  turbopump  speed,  but  at  low  pressures. 
Since  test  conditions  approaching  turbopump  pressure  levels  induced  high 
wear  rates,  it  is  concluded  that  improvements  must  be  made  to  the  existing 
design  before  considering  it  suitable  for  turbopump  use.  Three  seal  de¬ 
signs  will  be  considered  for  the  primary  position: 

1.  Commercially  designed  hydrodynamic  similar  to  the  type  tested 

2.  Spiral  land  hydrodjTiamic  designed  by  Bocketdyne 

3.  Commercially  designed  hydrostatic  seal 

(u)  A  segmented  shaft-riding  seal  is  used  for  the  intermediate  pump  seal, 
which  is  typical  of  turbopump  secondary  seals  and  turbine  seals.  A  major 
einticipated  problem  associated  with  the  use  of  shaft-riding  seals  in  high¬ 
speed  applications  is  the  heat  generation  at  the  mating  surface.  To  achieve 
the  life  requirements  of  the  Mark  30  pump,  some  means  of  reducing  the  seal 
friction,  such  as  pressure  balancing  or  reducing  shaft  forces  by  arch- 
binding  of  the  segments  must  be  employed.  Another  approach  is  to  design 
a  seal  similar  to  an  orifice-compensated  hydrostatic  bearing  with  pressure 
pads.  Design  einalyses  of  these  concepts  should  be  part  of  any  future 
program. 
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sLJZEO  DEFLECT  SOWS 


(IJ)  The  turbine  seal  deaign  will  be  similar  to  the  primary  oxidizer  seal, 
and  it  is  expected  that  a  lift-off  seal  will  be  required  to  avoid  exces¬ 
sive  wear  rates.  The  comments  made  on  the  primary  oxidizer  seal  will,  in 
general,  apply  to  tlie  turbine  seal  ns  well. 


A  discussion  of  the  oxidizer 


turbine  bearings  was  included  in  the  fuel  turbine  bearing  analysis,  page 


Control  Design 


(U)  The  controls  design  effort  was  conducted  in  two  distinct  areas,  per¬ 
formance  controller  logic  and  valve  mechanical  design.  Some  of  the  basic 
trade  studies  leading  to  the  selection  of  the  control  system  (open  loop 
vs  closed  loop)  and  the  control  valve  location  (hot-gas  vs  liquid  valves 
and  series  vs  parallel  arrangement)  were  discussed  under  the  System  Ana¬ 
lysis  section.  The  Controls  Design  section  therefore  covers  a  more  de¬ 
tailed  descripiiion  of  the  selection  system  (closed  loop,  series  hot-gas 
valves)  and  the  design  of  the  control  valves. 


(U)  Control  System  Description.  The  selected  performance  controls  system 
is  shoA/n  schematically  in  Fig.  145;  facility-type  components  are  distin¬ 
guished  from  engine-type  components  by  a  dashed  line. 

(u)  Control  over  engine  thrust  and  mixture  ratio  is  obtained  by  proper- 
positioning  of  two  hot-gas  valves  in  the  turbine-drive  subsystem.  One  of 
these  valves  is  located  in  the  tapoff  gas  line  common  to  both  turbines; 
the  otlier  is  ioc.ated  in  the  hot-gas  supply  line  to  the  oxidizer  turbine. 
Tlie  first  of  these  .valves,  the  tapoff  throttle  valve,  is  primarily  for 
thrust  level  control;  the  second,  the  oxidizer  turbine  valve,  is  primarily 
for  mixture  ratio  control;  however,  there  is  some  interaction  between  tlie 
valves  so  that  neither  valve  is  functionally  exclusive.  Tliese  valves  i/ill 
be  driven  by  integral  hydraulic  actuators,  which  will  be  positioned  by  hy¬ 
draulic  servovalves.  Integrol  with  the  valve  actuators  will  be  variable 
reluctance-type  position  transducers  producing  modulated  carrier  signal 
feedback. 


(This  page  is  Unclassified) 


(u)  The  signals  from  the  variable  reluctance  position  transducers  viil  be 
demodulated  and  compared  to  a  valve  position  reference  signal.  The  error 
between  these  two  signals,  if  any,  will  be  pusseu  ihruUgu  a  dynaiuie  shapiiig 
network,  amplified,  and  applied  to  the  hydraulic  servovalve  during  the 
appropriate  hot-gas  valve  for  correction  of  the  error. 

(u)  Demonstrator  Module  thrust  will  be  measured  by  a  chamber  pressure 
transducer  (which  may  consist  of  several  units  to  obtain  an  average).  The 
signal  from  this  transducer  will  be  compared  to  the  desired  signal.  The 
error  resulting  from  this  comparison  (if  any)  will  be  used,  after  appro¬ 
priate  dynamic  shaping,  to  produce  an  appropriate  change  in  the  valve 
po  dtion  reference  signal. 

(u)  Engine  fuel  flow  and  engine  oiidizer  flow  will  be  measured  volumetri- 
cally  by  turbine  flowmeters.  FM  to  DC  converters  will  be  used  to  process 
the  flowmeter  pulses  to  a  level  proportional  tc  flow.  The  signal  from  the 
fuel  flowmeter  converter  will  be  multiplied  by  the  desired  mixture  ratio 
and  this  product  compared  to  the  oxidizer  flow  signal.  The  error  resulting 
from  this  comparison  will  be  used,  after  appropriate  dynamic  shaping,  to 
produce  an  appropriate  change  in  the  valve  position  reference  signal. 

(u)  Should  studies  s  iw  the  desirability  of  adding  either  pressure  or  tem¬ 
perature  compensation  to  the  volumetric  flow  measurements,  a  term  can  be 
added  to  the  error  signal  for  correction  of  the  constant-density  assumptions 
made. 

(u)  Control  System  Analysis.  A  nonlinear  analog  computer  model  of  the 
Demonstrator  Module  was  constructed  aud  developed  for  control  studieo. 

This  model  was  used  to  evaluate  dyncunic  performance  of  several  control 
schemes  for  the  trade  studies  and  to  provide  o  design  tool  for  the  closed- 
loop  control  system. 

(u)  Engine  ccmpoiients  simulated  by  the  model  are  the  fuel  and  oxidizer 
turbopumps,  fuel  regenerative-coolant  circuit,  thrust  chamber,  control 
valves,  and  the  fluid  flow  ducts.  Pump  performance  was  simulated  by 
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curve  fits  of  the  head-capacity  and  torque-capacity  curves.  Turbine  per¬ 
formance  was  simulated  by  programming  the  turbine  performance  maps  which 
relate  turbine  torque  to  turbine  speed,  drive  gas  properties,  and  pressure 
ratio.  Simulation  of  the  fuel  regenerative-cooling  circuit  required  con¬ 
sideration  of  heat  transfer  and  hydrogen  properties.  The  cooling  circuit 
was  divided  into  two  lumps.  For  each  lump,  the  beat  input  was  determined 
as  a  function  of  the  temperature  difference  between  the  thrust  chamber 
gases  and  the  coolant,  chumber  pressure,  and  mixture  ratio.  Specific 
volume  and  specific  internal  energy  of  the  hydrogen  coolant  were  determined 
from  mass  and  energy  balances  across  the  two  "lumps."  Pressure  and  tempera¬ 
ture  are  determined  as  a  function  of  specific  volume  and  specific  internal 
energ}'  from  hydrogen  properties  curve  fits.  The  thrust  chamber  was  rep¬ 
resented  as  a  sonic  nozzle  with  the  characteristic  velocity  a  function  of 
mixture  ratio.  The  control  valves  were  simulated  as  compx'essible  flow  ori¬ 
fices  with  pneumatic  position  control  systems  on  valve  area.  Friction  and 
threshold  nonlinearities  were  included.  Fluid  flow  lines  vc  e  treated  as 
lu'jped  resistances  only  with  the  appropriate  choice  of  compreasible  or 
incompressible  flow. 

(U)  A  special  device  used  to  assist  in  obviating  the  requirements  for  large 
number3  of  function  generators  was  a  multiplexor.  This  device  allows  high¬ 
speed  switching  of  input  and  output  to  a  function  generator,  thereby  elimi¬ 
nating  the  need  for  large  numbers  of  gas  flow  functions  and  hydrogen  prop¬ 
erties  functions.  The  speed  of  operation  was  far  outside  the  bandwridth  of 

uj'AAamii:  jLut/trx  co  i/ • 

(it)  a  linearized  version  of  the  engine  equations  was  also  developed  for 
digital  computer  use.  The  purpose  of  this  effort  was  to  develop  an  optimi¬ 
zation  design  tool  so  that  various  control  optimization  techniques  could  be 
applied  and  then  verified  by  insertion  in  the  nonlinear  analog  computer 
model . 


(u^  liie  required  transfer  fuiictiuiis  fur  the  Demons  t&atoi  Module  control 
system  arc  illustrated  in  Fig.  146,  vhich  is  a  block  diagram  of  the  system. 
The  design  differs  somewhat  from  conventional  servomechanism  design  in  that 
two  interacting  loops  are  present.  Nevertheless,  a  design  procedure  can  be 
developed  for  this  case  and  used  for  optimum  control  search  and  sjn thesis. 

(C)  The  "fixed"  part(s)  of  the  block  diagram  (all  those  blocks  that  do  not 
have  the  key  word  "compensation")  were  detemined  by  using  the  nonlinear 
analog  computer  model  to  obtain  frequency  or  Bode  plots  at  various  operat¬ 
ing  conditions.  A  Bode  plot  of  the  hydraulic  valve  position  control  loops 
is  shown  in  Pig.  14?.  This  plot  shows  commanded  valve  position,  as 
input,  and  valve  area,  ae  output.  The  presence  of  nonlinearities 

is  obvious  from  the  steep  dropoff  of  the  gain  curve  at  80  rad/sec.  The 
engine  transfer  functions  were  also  determined  from  Bode  plots  made  from 
the  analog  model,  two  of  which  are  shown  in  Fig.  148  and  149  .  Transfer 
functions  have  been  determined  at  the  four  extremes  of  the  operating  region 
(lOO  and  20  percent  thrust;  5:1  and  7:1  MR)  and  for  the  "cross"  blocks 
shown  in  Fig.  146. 

(C)  The  curves  of  Pig.  148  and  149  show'  frequency  responses  for  both  nomi¬ 
nal  and  20-percent  engine  thrust  levels.  The  gain  is  not  normalized  for 
purposes  of  comparison  with  the  ditital  lineor  model,  and  for  obtaining 
influence  coefficients  directly  at  low'  frequency.  Both  curves  show  that 
up  to  50  rad/sec,  the  particular  transfer  function  may  be  approximated  by 
a  single-order  lag  term. 

(c)  Results  from  the  linear  digital  model  for  the  100-  and  20-t»ercent  thrust 

level  operating  points  give  the  following  transfer  functions  for  the  engine, 

where  is  chamber  pressure,  MR  is  mixture  ratio  of  the  thrust  chamber, 

A.j  is  tapoff  throttle  valve  area,  A  ^  is  oxidizer  turbine  throttle  valve 
ttv  otv 

area,  and  s  is  the  Laplace  operator. 

dPc/'*^ttv  °  -  l)/(8/l2.5  +  l)  Pj,  =  1500  psia ,  MR  =  6 

dMR/dA^^^  =  5.96/(3/24  +1)  P^  =  1500  psia,  MR  = 
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Performance  Controls  System  Block  Diagram 


FREQUENCY,  RAO/SEC 


Figure  147.  Throttle  Valve  Position  Transfer  Function 
(Closed-Loop  Frequency  Response) 
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dP  /dA 
c 


ttv 


dMB/dA^^y 


583(e/275  -  l)/(fl/7.2  ^  l) 
9.1l/(s/l6  +  l) 


=  325  psia,  MR  =  6 
P^,  =  325  pBia,  MB  -  6 


(u)  No  attempt  to  compare  the  results  obtained  from  the  digital  model  and 
the  analog  computer  model  other  than  a  cureory  examination  haa  been  tried. 
It  nhoiild  be  noted  that  the  analog  computer  model  includes  many  noalinear- 
itiea  not  found  in  the  digital  system  equations. 


(u)  The  final  step  in  the  control  system  design  is  the  establishment  of  the 
compensation  and  feedback  transducer  functions  needed  to  complete  the  des¬ 
cription  of  the  system  s’.-'wii  in  Fig.  146,  For  purposes  of  performing  studies 
during  Task  I,  this  vas  accomplished  by  insertion  of  a  proportional  plug 
integral  compensation  network  into  the  analog  computer  model  and  start  model. 
Servoloop  operation  was  found  to  be  satisfactory  for  the  study  purposes,  but 
design  and  optimization  remains  to  be  accomplished  using  updated  component 
and  system  data  and  an  exact  solution  for  the  missing  transfer  functions. 


(U)  The  dynamic  control  compensation  terms  added  can  be  minimized  to  reduce 
equipment  complexity  and  improve  reliability,  and  the  "cross"  transfer  func¬ 
tion  terms  can  be  utilized  as  necessary  to  reduce  control  system  interaction 
and  improve  the  speed  of  response.  To  illustrate  the  design  procedure  for 
determining  the  compensation  transfer  functions,  consider  the  following 
method.  The  system  is  defined  by  the  block  diagram  of  Fig,  I50  .  The  equa¬ 
tions  may  be  written  without  cross  compensation  as; 


r^(l  +  GlClHl)  +  MR(G2C2H2)  =  GICIHI  +  G2C2R2 
-P^(G3C1H1)  +  MR(1  +  G4C2H2)  =  G4C2R2  -  G3C1H1 


with  the  solution; 


C1R1(G1  4  GiG4C2H2  +  G2G3C2H2)  +  C2R2G2 
1  H  G4C2H2  +  GlCini  +  G1C1H1G4C2H2  +  G2C2H2G3Cljn' 
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C2R2(G4  4  G1G4C1H1  +  G2G3C1H1.)  -  C1R1G3 
1  +  G4C2H2  +  GICIHI  +  G1C1H1G4C2H2  +  G2C2H2G3Cmi 


vliich  can  be  aanipulated  algebraically  by  choices  of  Cl  and  C2  to  get  stable 
acceptable  dynamic  response,  although  this  is  cumbersome,  A  fruitful  ap- 
pFOQcli  is  't-0  inc ludls  islis  czross^ccsps&ssi^-xozi  iisznss* 

P^(l  +  GlClHl)  +  MR(G1C3H2  +  G2C2H2)  =  HIGICI  +  B2(G1C3  +  G2C2) 

P^(G4C4H1  -  G3C1H1)  +  MR(1  +  G4C2H2)  -  R2G4C2  +  H1(G4C4  -  G3Cl) 

If  the  cross-coiupensotion  terms  are  especially  selected: 

C4  =  G3C1/G4 

C3  =  G2C2/G1 


then  the  solution  becomes: 

Gicmi 

c  "  1  +  GlClHl 


MR 


_  G4CgH2 
!■+  G4C2H2 


which  is  more  tractable  in  that  conventional  root  locus  techniques  can  be 
applied  separately  to  each  loop. 

(U)  Final  determination  of  the  compensation  and  the  transducer  feedback 
transfer  functions  can  then  be  accomplished  by  consideration  of  singularity 
location  over  the  entire  range  of  engine  operation.  Compensation  singular¬ 
ities  vill  be  added  according  to  modified  root  locus  techniques  illustrated 
by  the  procedure  listed. 


(u)  The  Bervocompensation  obtained  can  then  be  inserted  into  the  analog 
computer  model  of  the  throttling  aj-etem  for  verification  of  design  goals 
and  for  trimming,  and  to  obtain  plots  of  expected  response  characieristica 
of  the  closed-loop  engine  system.  Start  and  shutdown  characteristics  can 
also  be  obtained  by  insertion  of  system  equations  into  the  digital  stort 
model. 


(u)  Control  System  Alternotivet  Studied.  Studies  investigating  a  control 
system  with  no  cross-transfer  functions,  and  the  desirability  of  different 
feedback  point  measurements  for  system  control  were  conducted.  These  are 
presented  in  the  following  paragraphs. 


(u)  Simplified  Control  System.  A  control  system  without  interrelating 
valve  function  generators  was  initially  considered;  however,  such  a  system 
does  not  permit  throttling  at  constant  mixture  ratio.  The  throttling  paths 
of  this  design  are  shown  in  Fig.  151.  It  can  be  seen  in  this  figure  that 
throttling,  using  one  valve  without  modifying  the  position  of  the  other, 
will  probably  lead  to  an  undesirable  operating  region,  or,  at  least,  away 
from  the  desired  point.  This  is  largely  because  of  differences  in  the 
steady-state  operating  parameters  of  the  pumps  and  turbines.  Because  spe¬ 
cification  of  these  parameters  will  compromise  design  of  the  pumps  and 
turbines,  it  will  be  necessary  to  provide  trimming  in  the  form  of  function 
generators.  There  are  a  number  of  ways  to  provide  these  functions,  such 
ab  electronically,  cam  linkage,  etc.,  but  they  all  share  the  requirement 
for  calibration  to  one  particular  set  of  hardware. 

(u)  The  effect  ol  variations  in  turbcmachinery  hardware  is  also  suowii  in 
Fig.  151  by  the  dotted  paths.  These  data  were  based  upon  a  turbomachinery 
design  which  has,  roughly,  a  10-percent  change  in  the  pump  H-Q  curves  and 
the  turbine  efficiency  -U/C  curves  from  the  design  represented  by  the  solid 
lines.  The  figure  reveals  the  controls  sensitivity  to  the  turbomachinery 
characteristics  because  a  three-unit  change  in  mixture  ratio  at  low  thrust 
occurs  between  the  two  designs.  Although  the  expected  variations  in  pump 
curves  from  engine— to— engine  is  a  factor  of  3  less  than  shown,  and  the 


Engine  Thrust,  pounds 


Figure  151.  Effect  of  Pump  and  Turbine  Curves  on  Opnu-Loop 
Mixture  Bctio  Control  System 
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expecl-ed  variation  in  turbine  eificicncy  ie  a  factor  of  5  less  than  shown, 
this  vill  nevertheless  produce  an  intolerable  variation  in  aixture  ratio 
during  throttling. 

(ll)  It  -waa  cherefort  concluded  that  a  cross-function  generator  was  re¬ 
quired  in  the  system. 

(b)  Feedback  Point  Selection.  The  following  parameters  were  consi¬ 
dered  in  a  feedhacU  point  study  to  st iect  the  optimum  measured  parameters 
for  the  control  system;  fuel  turhopump  speed,  oxidizer  turbopump  speed, 
fuel  pump  diccharg*  pressure,  oxidizer  pump  discharge  pressure,  fuel  pump 
outflow,  oxidizer  pump  outflow,  fuel  manifold  inlet  pressure,  oxidizer 
DTsnifcld  inlet  pressure,  chamber  pressure,  chamber  lomperature,  tapoff 
gas  teaperaturc,  and  thrust.  The  parameter  that  most  sccurately  measures 
Thrust  is  evidcnt-lj  thrust,  and  those  which  X'ost  accurntel}’  measure  mixture 
ratio  are  the  two  pump  out  mass  flows. 

(u)  Actual  thrust  measurement  ia  unacceptable  for  several  reasons.  First, 
thrust  will  vary  some  with  altitude,  although  lees  than  conventional  bell 
engines.  Programming  will  therefore  have  to  be  adjusted  for  ambient  condi¬ 
tions  for  demonstration.  Secondly,  thrust  io  an  interface  parameter  between 
the  engine  end  vehicle  mounting  while  chamber  pressure  is  an  engine  param¬ 
eter.  Flight  pressure  transducer  technology  also  leads  flight  load  cell 
technolog)’.  And  last,  high^acruracy  control  for  flight  purposee  is  not 
required  heesuse  the  vehicle  guidaxtco  computer  will  supply  the  ''tir imming" 
in  an  cuter  control  loop.  A  thrust  control  based  on  calculations  us:.a:; 
the  pump  out  mass  flows  was  also  considered.  However,  this  method  has 
inherent  inaccuracies  heennae  of  the  difficulty  in  uiciism-ing  the  mass' 
flows.  Volumetric  flow  measurements  must  have  temperuturo  and  pieosure 
corrections  to  compute  the  mass  flowrate.  Therefore,  a  chamber  pressure 
feedback  was  considered.  This  parameter  can  be  ajcaovired  with  transducers 
which  are  state  of  the  art,  tellable,  and  independent  of  the  mounting 
scheme.  A  failure  rate  of  0.0021  per  exposure  foi  pressure  transducers 
in  a  similar  application  was  experienced  ever  the  period  of  June  1964  to 
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April  (about  one-half  of  these  were  out-of-calibration  only).  Be- 

peatability  of  3/4  percent  of  full  scale  has  been  demonstrated.  Further¬ 
more,  it  was  eho^iTi  in  the  Systems  Analysis  section  that  chamber  pressure 
control  is  superior  to  thruet  control  from  a  vehicle  system  standpoint. 

(U)  Ideally,  it  should  be  possible  to  select  one  additional  measurement 
and  provide  the  retjuired  mixture  ratio  feedback  signal  for  the  control 
loop.  This  could  theoretically  be  chamber  temperature,  because  it  is  a 
strong  function  of  mixture  ratio.  Unfortunately,  this  measurement  is 
beyond  the  state  of  the  art.  It  is  expected  that  tapoff  gas  temperature 
will  also  vary  with  mixture  ratio,  although  with  leas  pronounced  effect, 
because  the  tapoff  design  objective  is  to  minimize  this  variation.  The 
present  reliability  oi  hot-gee  temperature  measurement  is  not  enough  for 
a  man-rated  control  system,  so  thic  alae  wes  canpidered  beyond  the  state 
oJ  the  art. 

(U)  All  other  means  feasible  to  measure  mixture  ratio  require  two  measure¬ 
ments.  The  use  of  turbine-type  volumetric  flow  meters,  with  correction  foi 
density  if  required,  was  indicated  by  Rocketdyne  experience.  According  to 
flight  instrumentation  systems  reliability  data  for  the  J-2  engine  (whict 
is  a  similar  application),  the  failure  rate  is  0.004  per  exposuie  for  tur¬ 
bine  flow  meters  for  the  period  of  June  1964  through  April  1966.  Repeat¬ 
ability  of  l/4  percent  of  the  operating  level  bus  been  demonstrated.  A 
special  study  was  therefore  conducted  with  the  volumetric  flow  meters  and 
porsible  correction  purameters  using  the  comiiuter  model  over  the  operating 
region  of  the  engine.  Variations  in  density  due  to  variations  in  tempera¬ 
ture  and  pressure  were  taken  into  account.  The  following  table  sumsariscB 
the  results  of  the  study: 


Measured  Parameters 

Error  Over  Operating  Envelope 
in  Mi.xture  Ratio,  percent 

Two  Volumetric  Flows 

±5 

Two  Volumetric  Flows  and 

Chamber  Pressure 

±2 

IVo  Volumetric  Plows  and  Fuel 
Pump  Outlet  Pressure 

±2 

Two  Volumetric  Flows  end  Fuel 
Pump  Out  Temperature 

±3 

IVo  Voliunetric  Flows,  Fuel  Pump 
Out  Twaocraturc  and.  Pressure 

±0.5 
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(u)  As  implied  by  the  table,  variations  in  the  oxidizer  system  over  the 
operating  envelope  have  little  effect  upon  the  mixture  ratio  calculation. 
These  variations  are  predictable,  and,  therefore,  can  be  taken  into  account 
vhcn  programming  the  system.  Use  of  the  two  volumetric  flows  and  chamber 
pressure  was  foimd  to  meet  the  engine  accuracy  requirements  (±3  percent) 
with  a  minimum  of  instrumentation,  and  these  were  therefore  selected  for 
the  Demonstrator  Module. 

(U)  Main  Propellant  Valve  Alternatives  Studied.  A  design  tradeoff  study 
was  performed  to  optimize  the  main  propellant  valve  configuration  to  meet  , 
system  requirements.  The  \'alve  types  considered  were  a  butterfly  valve, 
a  poppet  valve,  and  a  modified  boll  valve  (visor  valve), 

(u)  The  butterfly  valve  is  essentially  a  rotating  blade  which  is  operated 
by  a  linear  actuator  through  a  link-level  mechanism.  The  blade  or  butter¬ 
fly  is  fabricated  as  a  section  of  sphere,  and  sealing  is  accomplished  with 
a  pressurc-jetuated  lip  seal.  The  major  advantage  of  this  valve  type  is 
shortness  in  line  length  and  relatively  low  weight  and  pressure  drop.  The 
i'sajor  problem  areas  are  shaft  bearings  and  gate  seal  design. 

(u)  The  poppet  design  is  a  conventional  balanced  poppet  configuration. 

The  advantages  of  this  type  of  valve  are  that  a  minimum  of  seals  is  re¬ 
quired  and  that  a  direct  link  is  provided  between  the  actuator  and  the 
poppet.  The  poppet  valve,  however,  is  the  heaviest  configuration  and  has 
the  highest  pressure  loss.  The  major  development  prohlcai  in  the  poppet 
valve  is  on+.imj zation  of  the  poppet  balancing  to  minimize  the  actuation 
force  required  at  all  poppet  positions. 

(u)  The  visor  valve  utilizes  a  segment  of  a  ball  which  is  rotated  by  a 
linear  actuator  through  a  link  lever  arrangement.  This  configuration 
rotates  the  ball  out  of  the  flow  stream  in  the  full-open  position  and 
provides  minimum  pressure  drop.  A  bellowa-loaded  plastic  seal  provides 


the  primary  propellant  seal.  The  valve  weight  falls  between  the  butter¬ 
fly  and  poppet  valves.  The  major  advantage  is  low  pressure  lose,  and  the 
disadvantages  are  the  number  of  dynamic  seals  required  and  the  need  for 

■no+.o+.-i  n<T  VipArintra 

(u)  A  tradeoff  study  comparison  is  shown  in  Table  47  with  the  larger 
number  representing  the  most  desirable  configuration.  Category  A,  Primary 
Considerations,  has  been  weighed  twice  as  heavily  as  the  other  areas  be¬ 
cause  of  its  impact  upon  system  performance.  The  visor  valve  resulted 
in  the  best  rating  with  superior  charactcristica  in  pressure  loss  and 
performance,  and  was  therefore  selected  for  the  Demonstrator  Module. 

Table  48  shows  the  specific  weight  end  pressure  loss  characteristics  for 
each  valve. 

(if^  Main  Propellant  Valve  Description  and  Analysis.  Because  the  line 
sizes  arc  nearly  the  same,  one  basic  design  was  used  for  both  the  main 
oxidizer  and  main  fuel  valves.  One  major  layout  was  prepared,  and  where 
necessary,  minor  changes  were  made  to  define  differences  between  the  valves 
which  were  required  hecouse  of  component  location  iu  the  system.  Although 
initial  system  design  studies  were  based  on  an  oxidizer  line  size  of  3.00- 
inch  diameter  and  fuel  line  of  2.50-inch  diameter,  subsequent  engine  balances 
required  a  4.00-iuch  diameter  for  the  oxidizer  high-pressure  feed  system  and 
3.74-inch  diameter  for  the  fuel. 

(U)  The  layouts  for  the  two  valves  are  shown  in  Fig. 152  and  153,  with  no 
detail  presented  for  the  facility-provided  actuator.  A  hollow  ball  is  used 
to  minimize  the  flow  forces  acting  on  the  hall  aud  to  minimize  the  shaft 
stresses  from  the  inertia  of  the  ball  on  closing.  The  bearings  are  designed 
to  run  wet  in  order  to  locate  them  as  close  to  the  ball  as  possible  and  min¬ 
imize  the  shaft  overhang  and  bending  loads.  Naflex  seals  are  provided  for 
the  exterior  seals,  and  machined  plastic  pressure-actuated  seals  are  planned 
for  the  shaft.  The  hall  seal  is  a  pressure-loaded  bellows  seal,  with  low- 
pressure  sealing  provided  by  the  hellows-installcd  spring  load.  The  flow 
direction  of  the  fuel  valve  is  opposite  from  that  of  the  oxidizer  valve  to 
provide  moisture  protection  for  the  primary  seal  bellows. 
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TABLE  47 


MAIN  PHOPELLANT  VALVE  TRADE  STUDY*  SUMMARY 


Features 

Poppet 

Visor 

RRSPBRil 

A.  Primary  Considerations 

1.  Reliability 

9 

8 

5 

2.  A  P  Penalty 

1 

10 

5 

3.  Weight 

6 

7 

9 

4.  Cost 

9 

6 

7 

Subtotal 

23 

31 

26 

B.  Performance  Characteristics 

1.  Stability,  Position-Flow,  Pressure 

1 

5 

3 

2.  Actuation  Control  Time 

2 

4 

3 

3.  Ramping  (Oxidizer  Valve) 

1 

4 

3 

4.  Downstream  Flow  Profile 

3 

4 

2 

5.  Perferred  Position,  Penalty 

4 

3 

2 

Subtotal 

11 

20 

13 

C.  Malfunction,  Resistance  to 

1.  Seal  Leakage,  Actuator 

3 

4 

4 

.  2.  Seal  Leakage,  Propellant 

4 

3 

2 

3.  Galling 

3 

4 

4 

4.  Vibration 

3 

3 

3 

5.  Pressure  Surges 

2 

4 

3 

6,  Freezing 

4 

3 

4 

7.  Seal  Confidence,  High  Pressure 

4 

3 

2 

Subtotal 

23 

24 

22 

D.  Construction 

1.  Number  of  Parts 

5 

3 

2 

2.  Number  of  Dynamic  Seals 

2 

4 

3 

3-  Number  of  Static  Seals 

4 

2 

3 

4.  Bearing  Required,  Penalty 

5 

2 

2 

5.  Structural  Stability 

5 

3 

2 

Subtotal 

21 

14 

12 

E.  Production 

1.  Producibility  (Complex  Farts) 

5 

3 

4 

2.  Special  Fabrication  Technique 

4 

3 

3 

Subtotal 

9 

6 

7 

F,  Time 

1.  Design 

4 

3 

4 

2.  Development 

3 

3 

4 

3.  Manufacturing 

4 

3 

4 

4.  Servicing 

4 

4 

4 

Subtotal 

13 

15 

16 

Total 

104 

108 

96 

* Point  value  1  to  10  Category  A;  1  to  5  Categories  B  to  F 
NOTE;  High  total  is  most  desirable 
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'lABLE  48 


MAIN  PROPELJANT  VAIATi;  PRESSUlOi  LOSS  SUMMARY 


BASIC  V^lLUES 


„  ,  Fuel 

Va  ive - T - 


AP 

Weight 

Line 

IB.  9 

51 

4.0 

45.0 

45 

4,0 

110.0 

55 

4.0 

LINE  LOSS 

i  iSj  e  1  TOx  i  d  i  ii.  e  r 


j  Fuel  Oxidiii.er 

^ - j. - 

1  Line,  psi/ft  1,12  2,05 


Elbov,  p3i 


Velocity,  i't/sec  220 


5.13  9.45 


(Tbie  pagi  iu  Uriclassifisd) 


^■',1  :3 


(u)  Each  valve  is  oriented  ao  as  to  place  the  hellowa  area  dovnstreom  of 
the  gate  from  the  moiature  source  to  prevent  moisture  from  collecting  in 
the  area  of  the  hellowa  end  aubaequent  seal  leakage  problems.  From  studies 
of  the  valve  locations  and  feed  system  plumbing  configurations,  it  was 
determined  that  the  most  probable  source  of  moisture  for  the  oxidiser 
valve  was  downstream  of  the  valve  through  the  thrust  chamber  injector. 

On  the  fuel  side,  because  the  location  of  the  fuel  valve  is  below  the 
pump,  the  major  source  of  moisture  was  considered  upstiet  a  of  the  fuel 
valve.  Furthermore,  the  fuel  valve  is  protected  from  downstream  ambient 
moisture  sources  by  the  thrust  chamber  tube  bundle.  By  reversing  the 
flow  direction  of  the  fuel  valve,  the  bellows  area  of  each  valve  is  thereby 
protected  from  mo  stuic  by  the  primary  gate  seal.  However,  fa-  the  gate 
seal  to  function  satisfactorily  with  the  new  flow  direction,  a  minor  modi¬ 
fication  in  the  bellows  seal  design  to  change  the  relationship  of  the 
bellows  neutral  axis  and  the  seal  area  on  the  ball  was  necessary.  No 
other  design  modifications  are  required  to  provide  for  the  reversed  flow, 
end  no  significant  change  in  valve  performance  or  sealing  characteristics 
is  anticipated, 

(U)  Tapoff  Hot-Gas  Throttle  Valve  Alternatives.  A  design  tradeoff  study 
was  perlornied  to  evaluate  bot-gas  valve  types  and  ti  select  the  optimum 
configuration.  Four  configiirations  were  evaluated  in  the  study,  one 
butterfly  design,  two  poppet  designs,  and  a  hall  or  visor  design. 

(U)  The  butterfly  valve  design  (a)  consirts  of;  (l)  a  flat  or  contoured 
dislr  that  may  be  adjusted  about  an  axis  perpendicular  to  flow  to  close 
entirely  or  open  to  any  desired  position,  (2)  a  gate  housing,  (3)  an  actu¬ 
ator  mechauiam,  (4)  a  servocontrol  valve,  and  (5)  position  indication  feed¬ 
back  and  instrumentation  devices.  A  butterfly  hot-gas  valve  has  been 
successfully  used  for  a  similar  application  on  the  J-i?  engine  at  a  lower 
operating  temperature. 


(This  ipage.  is  Ihiciossif if  i) 


(u)  The  first  poppet  vuivs  design  (B)  consists  of  s  poppet  vbi  h  is  vii~ 
turally  pressure  bsianced  and  provides  linear  flow  area  os  a  function  of 
actuator  position,  end  indication  feedback  and  instrumentation  devices. 

The  second  pOppet  valve  design  (D)  is  similar  to  case  (b)  except  that  the 
poppet  is  of  coiiver tional  type,  i.e.,  not  pressure  balanced. 

(U)  The  laat  design  studied  vas  a  ball  or  visor  design  (C) .  This  type 
of  valve  utilizes  a  hollow  ball  segment  which  ia  located  in  the  housing  to 
provide  a  small  clearance  between  the  housing  inlet  flow  port  and  the  ball. 
As  the  ball  is  rotated,  the  hole  through  the  ball  passes  across  a  tube  which 
is  aligned  with  the  inlet  and  outlet  ports.  Under  these  conditions,  the 
visor  valve  reacts  aimila  ly  to  a  blade  valve,  relative  to  its  flow-area 
characteristics.  The  design  features  considered  in  tiie  tradeoff  study 
are  tabulated  and  evaluated  in  Table  49.  The  higher  number  indicates  the 
pret erred  design. 

(U)  The  evaluation  indicated  a  potentially  higher  reliability  for  the 
poppet  valve  because  the  design  is  basically  more  simple.  A  balanced  pop¬ 
pet  design  requires  a  relatively  email  actuation  force  and  the  force  does 
not  change  appreciably  with  AP.  The  butterfly  and  ball  valve  require 
rotating  bearings  which  are  subjected  to  loads  which  arc  a  direct  function 
of  valve  AP  and,  therefore,  experience  major  changes  in  load  and  actuator 
force  requirement.  The  poppet  valve  provides  a  direct  connection  between 
the  actuator  piston  and  poppet,  whereas,  the  ball  and  butterfly  valve  re¬ 
quire  a  bell  crank  mechanism  to  convert  linear  piston  motion  to  rotating 
ball  or  blade  motion.  The  poppet  valve  also  produces  a  linear  change  in 
flow  area  as  a  function  of  actuator  position,  while  the  ball  end  butterfly 
valves  have  a  nonlinear  relationship  which  can  be  made  linear  only  by 
complex  coxjtouring  of  the  bell  element  or  valve  body.  These  considerations 
all  make  the  poppet  valve  desirable  from  the  standpoint  of  basic  design 
considerations. 
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TABLE  49 

HOT-GAS  VALVE  TRADE  STUDY  SUMMARY 


^^JJesign 

Pressure- 

Balanced 

Simple 

Butterfly 

Poppet 

Visor 

Poppet 

Veight 

A 

B 

C 

D 

Performance 

1  , 

Liueurity  of  Tiiroitliug 

5 

5 

5 

4 

4 

Pressure  Unbalance  on 
Throttling  Element 

3 

■ 

1 

3 

2 

1 

3. 

Temperature  Insulation 
of  Servo 

5 

4 

3 

4 

3 

4. 

Vibration 

5 

4 

3 

3 

3 

5. 

Pressure  Drop 

10 

7 

6 

10 

5 

6. 

Leakage,  Main  Valve 
Throttling  Element 

2 

1 

1 

2 

1 

30 

20 

21 

25 

17 

Complexity  and  Problem  Areas 

1. 

External  Stale 

3 

1 

3 

0 

1 

2. 

I^namic  Seals 

6 

4 

3 

3 

2 

3. 

Bearings 

5 

2 

5 

i 

5 

4. 

Rack  and  Pinion  or  Linkage 

5 

2 

5 

2 

5 

5. 

Bellows 

5 

5 

5 

3 

2 

6. 

Sliding  Surfaces 

5 

3 

T 

ji 

4 

2 

7. 

Position  Indicator 

5 

4 

3 

4 

3 

8. 

State-of-Art  Development, 
No.  of  Areas 

8 

4 

6 

4 

5 

9. 

Moisture  •and  Contamina¬ 
tion 

3 

2 

2 

1 

1 

45 

27 

35 

22 

27 

Coat 

1. 

Main  Housing 

4 

4 

2 

3 

1 

2. 

Actuator 

3 

2 

3 

2 

1 

3. 

Tbrotti ing  Element 

3 

2 

3 

2 

10 

8 

8 

*  6 

4 

Size 

and  Veight 

1. 

Size 

3 

4 

5 

3 

2. 

Weight 

IHH 

7 

7 

6 

6 

15 

11 

9 

9 

Total 

100 

65 

75 

62 

57 

NOTE:  Higher  number  indicates  a  sui>eiior  design 


(u)  The  major  drawback  of  the  poppet  valve  is  the  high-pressure  drop  in 
the  full-open,  position.  Evaluation  of  the  overall  system,  however,  indi¬ 
cated  thnt  the  valve  ca:.i  be  incorporated  in  a  converging  "Y"  in  the  hot- 
gas  duct,  end  the  overall  system  allowable  prensure  drop  will  not  be 
exceeded.  The  balanced  poppet  valve  design  was  therefore  selected  for  the 

r\  ^  Vr<klv'«‘4 

(^0  Tapoff  Hot-Gas  Throttle  V'a Ivc  Description.  The  tapoff  hot-gas  throttle 
valve  is  a  pressure-balanced  poppet  type  located  in  the  ''Y*'  joint  of  the 
two  ducts.  It  is  a  normally  open  valve  which  is  actuated  by  a  pueumatic 
actuator.  The  actuator  piston  is  attached  directly  to  the  poppet  by  a 
piston  rod  which  eliminates  all  backlash,  while  pressure  balance  holes 
in  the  puppet  minimize  the  control  forces  necessary  to  actuate  the  valve. 
Some  contouring  of  the  poppet  is  incorporated  to  reduce  the  rate  of  change 
of  area  with  stroke  as  the  valve  approaches  the  closed  position.  The 
relationship  of  flow  area  and  poppet  position  throughoijt  the  operating 
limits  is  shown  in  the  tapoff  hot-gas  throttle  valve  drawing  (Fig,  154). 

(C)  Material  selection  for  the  hot-gas  throttle  valve  is  limited  because 
of  the  i960  R  operating  temperature  and  1490-p8ia  pressure  level.  These 
conditions  combined  with  the  requirement  for  minimum  weight  dictate  the 
use  of  high-temperature  alloys.  Hastelloy-O  was  chosen  for  the  housing 
for  good  blgh-temperature  mechanical  properties  and  because  it  can  be  used 
as  a  casting.  Stellite  21  wns  selected  for  the  poppet  because  of  its 
resistance  to  erosion  with  high-velocity  hot  gas.  Stellite  21  may  also 
be  welded  on  the  edge  of  the  housing  next  to  the  poppet  if  further  evalua¬ 
tion  indicates  that  it  is  neces^^ary.  The  piston  rod  is  Rene  41,  which 
was  selected  because  it  is  somewhat  easier  to  machine  and  is  satisfactory 
for  areas  not  directly  in  the  flow  stream.  The  piston  rod  bearing  is  a 
silver-graphite  material  and  it  also  acts  as  the  rod  seal.  Any  gas  ^diich 
leak.K  through  the  bashing  is  bled  off.  The  actuator  is  protected  from 
the  hot-gas  temperature  by  insulation  and  air  cavities. 


-POSITION  INDICATOR,  CRES  STEEl 
SEAL.  INCO  710 
•  PACKING.  VITON-A 
-BACKUP  RING,  Ttf'LON 
-  PISTON,  W-A  CRES  STEtl. 


Figure  15'»A.  Ilot-Gas  Tapoff  Throttle  Valve  ABeembly 
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SECTION  A-A 


Flgnre  154D.  Hot-Gas  Tapoff  Throttle  Valve  Assembly 
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(u)  A  design  Inj'out  vas  initiated  and  tbe  maxiisuin  nnd  miniaium  valve  flow 
areas  we? e  established  to  meet  the  engine  operating  limits.  The  poppet 
nnsc  was  contoured  to  reduce  turbulence  as  the  hot  gas  flows  around  the 
poppet.  In  addition,  a  slight  taper  was  incorporated  to  reduce  the  rate 
of  change  of  area  with  stroke  ns  the  poppet  approaches  the  cluaeu  position. 


(c)  Tapoff  Kot-Gas  Throllle  Valve  AiiaI;Ysia.  Engine  balance  studies  were 
performed  to  establish  the  operating  requirements  (flow  and  AP)  for  the 
tapoff  throttle  valve  at  20-  anc  100-pcrcent  thrust  through  a  mixture  ratio 
range  of  5.1  to  7;.',  These  data,  prjsented  in  Fig.  155,  represent  the 
extreme  operating  limits  for  the  valve.  The  tapoff  throttle  valve  wiis 
designed  to  meet  the  most  ciitic.al  iiow/AP  relationship,  which  is  the 
100-percent  thrusb  und  5:1  mixture  ratio  condition. 


(C)  A  des  ign  studj  was  conducted  to  determine  the  poppet  and  body  profiles 
which  re.sult  in  a  relationship  betv;cea  valve  vesistance  and  actuator  stroke 
that  vdl).  provide  satisfactoz'v  throttling  characteristics  through  the  entire 
thrust  and  mixture  ratio  range,  Curves  .showing  the  relationship  of  relative 
value  resistance  as  a  function  of  mixtuie  ratio  for  20-  and  100-percent 
thrust  are  shown  in  Fig.  156,  These  data  cover  a  onxiure  ratio  range  of 
5:1  to  7:1.  The  relative  resistance  ia  based  on  the  following  exprccsion: 


AP 


where 


Al?  -  e  r.-riT* 

P.  --  valve  resistance,  sec'/in. '' 
V  -  flowrate,  Ib/sec 
p  =  specific  weight  (Ib/in,^) 
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Tipcff  Tiirottle  '’•'/Mve  Pressure  Figure  I’3^<  T^:ioff  Throttle  Valve 

Drop  Requi/’eaeuts  Relative  Reaistanco 


lit'rause  the  ta;)olf  gra  propertiCH  are  aRaumed  to  be  coiiatniit  ovci'  the  entire 
0[>erntin)j,  reiige,  the  speeifie  weight  is  direeti.y  prop-.^r  t;  oiia  1  to  the  total 
pcesBure  (p  -  I'/l-?)  >  o"*!  o  relative  resiatonce  can  be  computed; 


I! 


lU'L 


r^r 

«  <) 


(lO  This  pnramctir  is  tlieu  used  in  the  popi  t  d\aigu  vs  sirol.e  analysis, 

(t)  A  p  I'c  .1  i  m  i  na  ry  steudy-stji  tc  beet  trausl'er  iiaalysjB  waa  made  to  evaluate 
the  truuf ient  heat  tioiister  from  the  poppet  into  the  actuaior.  Assuming 
a  heat  transfer  path  t!iroug!i  atcei  ,  the  temperature  at  the  approximate 
loeaiioii  el'  ti)e  actuator  O-rii.gs  (assumed  to  be  6  inches  away  from  a  1  phO  f’ 
hoot  source)  is  I'  after  seconds  of  engine  operation  with  ee  initial 

tempera  ill  re  of  7h  1.  Aftei  engine  cutoil,  this  teriifiei’«t''.jre  vi  j  1  continue 
to  rise  for  some  time  os  the  compOiicnt  tends  townd  temperature  c*pj  1 1  ibriurn 
The  heat  transfer  aualysis  did  not  include  the  tiansi  eiit  effect  afti/r  slnit- 
down;  however,  tlio  calculations  iiwidr  through  cutjlf  appear  to  indicate  tiiat 
the  ntfiximum  tolerohle  t  empo  ra  tut  e  of  !5i50  1'  will  tiot  he  apprtinchcd,  atid 
therefore,  the  service  life  of  10  hours  should  not  present  a  de.si(;/i  probloui 
rc'laii\e  to  the  aetimlor  0-ring.s, 


(t'j  Several  areas  related  to  the  high  tomperoture  of  the  hot  gas  which 
should  be  studied  further  became  appiu'ent  during  the  fleaign ,  The  mate¬ 
rial.':  required  because  of  the  hipih  operating  t  empero  tau'e  nva  difficult 
to  imicbir.e  by  conventional  mel.hods,  which  j.reclndee  the  use  of  thread;, 
'.’"hercforc,  the  joint,  between  the  piston  i  ad  and  !!_'(■  ijrini;,  i  i  1  i 2. 

n  i^Iii  ea.ucd  fo.'itener,  ilrazing'  niipcors  to  bo  setisfuciovy ;  howeve.r,.  some 
edditionai  unalysis  is  required  to  en.oure  that  sufficient  bi,3i-,c  urea  is 
provided . 


(L)  Ik'cause  tin.-  valvt-  viH  opcra't  with  n  liigL  dfgrre  of  throttling  with 
high-tv®ntrotMrc  saa.  eioiion  of  tiie  housing  may  be  critical.  This  nrcn 
muse  be  analyzed  thoronglilv,  end  if  ntcessary,  a  auiterial  ancli  as  Stellite 
21  wliicu  in  raore  resistant  to  erosion  can  be  voided  into  the  critical  area. 

(U)  Hent  transfer  from  the  valve  housing'  and  pojipet  into  the  actuator  may 
also  be  higher  thun  ilcniroblc.  Hydraulic  fluid  circulation  can  be  pro¬ 
vided  in  the  lucility  actuator,  insulation  can  be  used  vherercr  possible, 
and  the  configuration  of  tUt  parts  in  the  heat  transfer  path  con  be  studied 
to  optimize  the  heat  transfer  and  heat-capacity  relationship. 


(u)  Oxidizer  Turbine  hot-Gas  Throttle  Valve  Requirements.  While  no  design 
study  vBs  conducted  to  select  f ad  lay  out  a  configuration  for  the  oxidizer 
turbine  throttle  valve,  andly:.is  vas  conducted  to  define  the  operating  range 
of  the  valve.  This  study  vas  similar  to  the  tapoff  throttle  valve  analysis 
and  resulted  in  the  operating  requirements  (AP  and  W)  shovn  in  Fig.  157, 
and  the  relative  resistance  requirements  shown  in  Fig.  158  . 
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MIXTURE  RATIO  ENGINE  MIXTURE  RATIO 


F2.1UIIT  MODLLt  DLSKJN 


Ob  iectivoe  aiul  Rouiiiri'motitb 

(ll)  The  objt'cliv''  of  the  I’haBC  I  Flight  Module  Demgri  and  Analyaie  Task 
was  to  prepare  a  jirel  itoinai'.v  layout  of  a  100-incb  25()K  niodiili',  which  de¬ 
fined  the  basic  iiiodule  configuration,  envelope,  and  weight,  and  to  deteituijie 
the  predicted  performance  of  this  module.  Parametric  weight,  performanco , 
and  envelope  data  were  then  to  be  generated  for  use  in  performing  the  Ap~ 
pl  ications  Study.  The  design  was  to  be  an  advanced  configuration  that 
could  result  from  on  engineering  development  program  subsequent  to  the 
Phase  II  Demonstration  Program.  Advanced  component  technologies  not  neces¬ 
sarily  demonstrated  during  Phase  I  nor  intended  to  be  demonstrated  during 
Phase  II,  but  which  were  considered  reasonable  projections  for  an  enginocr- 
ing  development  program,  were  assumed. 


Summary  of  Work  Accomplished 

(c)  The  effoii  e*ponUed  on  tnio  task  resulted  in  the  preparation  of  a 
preliminary  layout  of  an  advanced  flight  module,  the  calculation  of  the 
module  weight,  and  the  prediction  of  the  module  performance.  Parametric 
weight  and  performance  data  wore  also  predicted  for  thrust  levels  from 
lOOK  to  350K,  diameters  from  50  to  160  inches,  and  chamber  pressures  from 
750  to  2000  psia. 


Suuimni  V  of  Flight  Module  nesettii 


(u)  The 
Module . 
concept , 
shown  in 


Flight  Module  design  is  conceptually  the  same  as  the  Demonstrator 
The  same  power  cycle,  types  of  pumps  and  turbines,  structural 
and  operational  sequence  arc  used.  The  preliminary  layout  is 
Fig.  159. 
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(c)  Tho  Mutiuli'  difli'ia  from  ilic  iVmoiintrator  Mudulf  in  Uial  iirailv 

all  aulin  va  tcma  and  conifoiii-i-,  la  rmploy  voided  in  t  erconnecla  and  aaaetuUliea 
to  miniiuize  Byatem  vei^'lit  end  iapiove  rol  iabi  li  ly  .  Comi'niuiit  ar  raniiementa 
vilhiii  tlie  engine  have  been  modifiid  to  rel'leei  the  teeluiol ogi cal  iminove- 
3)enl‘i  and  ref  inemeiitH  eliaractei'i  zing  the  Flight  Module.  The  conf  igiijutio;i 
thua  evolved  employe  a  greatei'  degree  of  B\Timieiiy  ri'unrditig  proiiel  Ituit 
feid  ducting,  hot-gas  tapoff  ducting,  and  engine  thrust  mount.  The  sepa¬ 
rate  turbine  eihaust  duets  are  eliminated  ns  a  lesult  of  improvement 
modifications  to  the  tur'''>punij)3 ,  vhich  allows  recesaiiig  the  turbopump.s 
lower  into  the  engine  cuvjty,  and  which  alno  ?ids  in  attaining  engine 
thrust  mi  Jilt  svTiimeti'y.  Th,  resul  i  is  a  shoi'ter,  ligliter  engine  th.aii  the 
Demonstrator  Module.  The  oveiall  diameter  remains  the  same  at  1  tit!  inelies; 
however,  the  length  is  I’educcd  to  ^iB.3  inches,  and  tlie  weight  is  reduced 
to  293'J  pounds.  An  advanced,  tapered— wall  combustion  chamber  geometiy 
(l-l/?  by  4  inches)  was  evolved  from  tlie  parallel  wall  Demonstiutor  Module, 
which  permits  an  increase  in  tlie  centerline  diameter  to  94.0  inches,  and 
a  result&ai.  area  I'alio  increase  to  75.11:1- 

(c)  Small  improvements  in  the  turbopump  efficieii  ies  are  projected  which, 
togethei'  with  advancements  in  other  component  and  system  designs,  result 
in  an  improvement  in  engine  specific  impulse  to  452.0  seconds  at  an  engine 
mixture  ratio  of  6:1. 

(c)  The  Might  Module  conf igurol ion  is  projected  based  on  a  development 
effort  designed  to  reach  the  lightei'-weight  couip'aeni  configurations  and 
to  ensure  the  durability  life  goals.  Tube  and  sogiociit  tests  conducted 
during  ITiasc  I  hav.‘  already  iiidicatcMl  the  feasibility  of  the  300  thermal 
cycles  for  the  thrust  chamber  (315  operating  cycles  were  achieved  on  a 
2.5K  scgm-uit),  and  turbopump  seal  and  bearing  tests  have  exceeded  the 
10-hour  TOO  lequirement  (15  hours  for  two  sets  of  LOf,-lubricated  bearings, 
and  14  hours  on  a  hydrodyi;amic  seal). 


System  Analysis 


(u)  liecausc  of  the  changes  in  engine  design  hei.ween  the  Flight  and 
Demonstrator  Modules,  some  changes  in  performance  have  been  pi’ojected. 


(c)  Combustion  Chamber  Performance.  Th'.’  Flight  Module  combustion  chamber 
efficiency  for  the  shor i-leiigth  combustor  (4-ii:ch)  is  eatiuiatcd  to  be  at 
least  as  high  ns  for  the  longer  (u-incU)  llemons trat or  Module.  Even  though 
past  tost  programs  have  indicated  that  c^  off  icieiici  ee  fall  oii'  slightly 
with  shortei-  combustor  lengths,  the  compact  design  permits  regenerntive 
cooling  p.vessine  loss  reductions  which  can  he  used  to  provide  a  larger 
injector  Ai’.  This  higher  injector  pressure  drop  will  result  in  higher 
hydrogen  injcctiun  velocities  and  permit  atomization  of  the  liquid  oxygen 
to  occur  in  a  shorter'  distance.  This  impioveioent ,  combined  with  improved 
injector  design  as  a  result  of  the  Phase  II  development  effort,  should 
result  in  combustion  efficiencies  at  least  as  high  as  those  reported  for 
tire  Demonstrator  Module,  Therefore,  the  coaibuation  cfficioncj'  of  the 
Flight  Module  was  predicted  to  be  the  same  as  the  Demonstrator  Module. 

(c)  Improved  de».igri  of  the  combustion  chamber  ami  nozzle  contour  is 
expected  to  increase  specific  impulse  of  the  Flight  Module.  The  improved 
combustion  chamber  design  for  the  Flight  Module  (I-I/2  by  4  inches)  will 
allow  an  effective  engine  diameter  (measured  to  shroud  tip)  of  90.5  inches, 
as  compared  to  89.5  inches  for  tf.e  Demon .■?! rat 01  Module.  This  results  in 
a  corresponding  increase  in  expansion  arfu  ratio  of  7^ « 1  to  75'B.  In  addi¬ 
tion,  a  method  has  been  formulated  to  opiimize  further  the  nozzle  contoui' 
and  ba.so  pressure  for  the  Flight  Module. 

(U)  A  truncated  ideal  contour  was  selected  for  the  Demonstrator  Module 
nozzle  because  the  method  for  designing  a  mathematical  optimum  aerospik.' 
nozzle  with  base  bleed  was  not  developed  at  that  lime.  The  truncated 
ideal  contour  had  been  shewn  both  theoretically  and  experimentally  to 
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give  high  nozzle  efficiencies;  however,  it  is  not  an  optimutn  configura¬ 
tion.  I’rcl iminary  estimates  indicate  that  a  gain  in  thrust  coefficient 
of  0.2  percent  could  be  ootained  from  a  contour  which  optimizes  the 
effects  of  both  the  primary  flow  and  the  secondary  flow  in  the  base 
regi on . 

(U)  The  method  recently  formulated  generalizes  the  nozzle  contour  cal¬ 
culation  method  to  include  a  nonzero  base  pressure  in  addition  to  the 
present  area  ratio  and  length  constraints.  The  optimization  procedure 
then  used  an  iteration  on  base  pressure  to  reach  the  final  design. 

First,  an  optimum  nuzzle  contour  is  calculated  for  an  assumed  base 
pressure,  then  the  base  bleed  rate  required  to  product  this  pressure  is 
conipulcd  and  compurod  to  the  actual  engine  turbine  flowrate.  The  pro¬ 
cedure  is  repeated  until  the  calculated  required  base  bleed  rate  is  found 
equal  to  the  actual  engine  turbine  flowrate,  which  is  used  as  the  bleed- 
flow  in  the  acrospike  engine. 

(U)  Turbomachincrv  Performance ■  The  Flight  Modulo  turbomachinery  con¬ 
cept  is  banically  the  same  configuration  as  that  of  the  Demonstrator 
Modulo.  However,  perfonnance  improvement  through  increased  efficiencies 
is  a  major  area  of  projected  Improvement  for  the  flight  turbomachinery. 
Improvement  in  turhomachinery'  efficiencies  will  require  the  evaluation 
of  the  major  pressure  leako,ge  and  power-absorbing  losses  in  the  various 
compononts .  Analytical  studies  must  be  conducted,  supplemented  by  a 
comprehensive  test  program,  to  improve  designs  where  required. 

(u)  Table  50  shown  a  comparison  between  the  Demon.strator  Module  pump 
and  turbine  efficiencies  at  the  nominal  operating  point  and  the  target 
efficiencies  for  the  nominal  operating  point  of  the  Flight  Module.  In 
order  to  improve  turbine  efficiencies,  it  will  be  ncces.sary  to  e.xperi- 
mentally  isolate  each  of  the  losses  and  evaluate  the  magnitude  of  tliis 
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(c)  TABLE  50 


COMI'ASISON  OF  TUllHOriMl’  U'FICIEfJCIES  FOR  DEMONSITIATOR 
MODLTJ':  AND  TARGET  EFFICIENCIES  FOR  FLIGHT  MODUU! 


Component 

Demonstrator  Module, 
percent 

Flight  Module, 
percent 

Fuel  Fussps 

75 

77 

Oxidizer  I'umps 

73 

75 

Fuel  Turbine 

(j2 

65 

Oxidizer  Turbine 

- - - -  -  —  - -  . 

47 

55 

lose  experimentally  and  compare  this  value  with  the  analj'i^ical  prediction 
of  its  magnitude.  In  general,  these  losses  are  as  follov/s: 

1.  Expansion  Energy  Coefficient 

2.  Kinetic  Energy  Coefficient 

3.  Incidence  Loss  Coefficient 

4.  Macb  Number  Coefficient 

5.  Edge  Coefficient 

6.  Nozzle  Deviation  Coefficient 

(U)  /dditional  parameters  are  considered  for  evaluating  the  stage  effic¬ 
iency  losses  as  follows: 

1.  Stage  Work  From  Diagram  Calculations 

2.  Stage  Available  Energy 
3-  Rotor  Reaction 

4.  Nozzle  Height  Corrections 


5-  Average  Rotor  lieiglit  Correction 

6,  Tip  Clearance  Losses 

7.  Rotor  Opening  Coefficient 

(u)  The  experimental  deteimi nation  of  these  various  losses  will  be  done 
by  making  surveys  afer  each  blade  row  and  finding  the  radial  and  circum¬ 
ferential  variation  of  the  static  pressure  and/or  total  pressure  and  the 
velocities  iuoluding  magnitude  and  direction. 

(U)  Engine  I’crformance .  The  Flight  Module  operating  characteristics 
(Table  5l)  were  established  utilizing  the  Flight  Module  thrust  chamber 
and  turbomachinery  improvements  (area  ratio  and  efficiencies)  and  the 
same  component  tolerances  as  used  in  the  Demonstrator  Module. 

(U)  Parametric  Data.  Parametric  Flight  Module  performance  and  weight 
data  have  been  generated  for  use  in  applications  studies  which  are  use¬ 
ful  in  optimizing  engine  design  and  performance  characteristics.  The 
parametric  data  show  the  effect  of  all  significant  design  parameters  in¬ 
cluding  tlirust,  chamber  pressure,  mixture  ratio,  and  diameter  (area  ratio) 
on  engine  performance  and  weight. 

(c}  Parametric  engine  specific  impulse,  geometry,  and  weight,  based  on 
Fligiii,  Module  design  eriieriu,  were  generated  for  the  combinations  of 
parameters  shown  in  Table  52.  Over  180  curves  of  parametric  data  have 
been  prepared.  A  few  of  these  curves  are  presented  in  the  following 
pages;  the  bulk  of  them  arc  contained  in  the  Special  Applications  Study 
Report,  Al'Hi'ij-'iK-67-i:6y .  The  data  presented  are  for  a  fixed  design  at 
a  nominal  mixture  ratio  of  6:1  with  mixture  ratio  excursions  made  at 


(c)  TABLE  51 

FLIGHT  MODOLE  OPERATING  CHAiUGTERISTICS 


Mixture  Ratio,  o/f*5 

Mixture  Ratio,  o/f-G 

Mi.xtnrc  Ratio,  o^f«7. 

Rated 

Thrust 

20% 

Thrust 

Rated 

Thruit 

2o:< 

Thrust 

Rated 

Thnist 

20% 

Thnist 

Vacuum  Thmit,  poundt 

Plili.lOO 

48,700 

250,000 

50,000 

254,700 

5o.s6fi 

Vaniuia  Sprclfir  Impu^ic,  seconds 

43<,.6 

447-6 

452.0 

445.5 

li'iT  7 

455.4 

rhftmbcr  rrp^sure,  piis 

1500 

325 

1500 

325 

1501' 

525 

Ensinc  Diameter,  inrhei 

100 

100 

100 

100 

100 

100 

Expansion  Area  Ratio 

75.8 

81.5 

75.8 

81.5 

75.8 

81. 5 

Psrctnt  Li'nfitli  of  15-degrde  Cone 

25 

25 

25 

25 

25 

25 

T/C  Miiture  Ratio .  oH  -fl 

5.16 

5.15 

6.45 

6.19 

7.55 

7.28 

Charactrristic  Vclority,  fpi 

7803 

7665 

7553 

7421 

7264 

7«i92 

Thnist  Coefficient 

1.8(i9 

1.641 

1,899 

1,894 

1.958 

1 .95f 

Base  Pressure,  psia 

4.27 

0.71 

4.02 

0.67 

5.86 

0.68 

Sea  l.evcl  Thrust,  potinds 

202,000 

206, 00( 

208. 00( 

Sea  Level  Specific  Inpulae,  seconds 

377 

372 

565 

2 

Geometric  Throat  Aren,  in. 

84.8 

80.0 

84.8 

80.0 

84.8 

80. 0 

En(*inc  Oxidizer  Flowrate,  Ib/sec 

447.5 

90.7 

474.1 

96.2 

502.2 

102.7 

En^jine  F\iel  Flowrate,  Ib/aec 

89.5 

18.1 

79.0 

16.0 

71.7 

14.7 

Thrust  Chamber  Thrust,  pounds 

235.289 

47.230 

241,70' 

48,600 

2^6 ,66f 

49,450 

Thru»t  Chamber  LO,.  Ftovrate,  Ib/aec 

442.1 

90.2 

469.3 

95.8 

497-8 

102.2 

Thrust  Chamber  Fuel  Flcvrate,  Ib/aet 

82.5 

17.5 

72.8 

15.5 

65.9 

14.0 

Base  Thrust,  pounds 

8833 

1471 

BtOO 

1405 

7985 

1410 

Pump  Inlet  Pressure,  psia 

77.5 

37.5 

37.5 

37.5  • 

37.5 

37.5 

Ul,,  Pump  Inlet  Pressure,  psia 

32.0 

32.0 

52.0 

32.0 

32.0 

32.0 

Pump  Pischargv  Pressure,  psin 

1996 

348 

2060 

350 

2118 

■^52 

LIIj  Pump  Dlscharfi?  Pressure,  psia 

2942 

601 

2766 

567 

2642 

546 

LO,,  Pump  Horsepower,  bhp 

4451 

185 

4865 

192 

5315 

300 

Ul^  Pump  Horsepower,  bhp 

19.272 

970 

16,061 

848 

14,021 

796 

LO^  Turbine  In’et  Temperature,  R 

I960 

I960 

I960 

I960 

i960 

i960 

LH„  Turbine  Inlet  Temperature,  R 

i960 

i960 

i960 

I960 

I960 

I960 

lA  m....!.:..,.  _ f _ *  « 

*w«waiic  AC  a  VilslsC  (  4  V  Ul  r  ,  « 

IwO. 

e  i'ew* 

AVaW 

i*S2 

1622 

2  365 

1729 

LII„  Turbine  Discharge  Temperature,  R 

1295 

1608 

1512 

1618 

1527 

1645 

Wj  Turbine  Pressure  Ratio 

16.2 

15.1 

18.8 

16.2 

20.5 

17.7 

»  iv  r>. - -  n-ar. 

aulwjiit;  lacoautc  iMivlu 

15.2 

13.8 

15.0 

13.6 

14.6 

13.1 

IXl,,  Turbine  Flowrote,  Ib/iee 

2.7 

0.19 

2.8 

0.19 

3.0 

0.29 

LH,^  Turbine  Flowrate.  Ib/icc 
* 

9.6 

0.91 

8.2 

0.62 

7  4 

0.83 

^Injector  MR  and  flowrate  are  the  same  as  for  the  engihe,,  DLfferancas 
between  engine  florjrates  and  MR  above  and  prinary  nozzle  shown  below 
reflect  tapoff  req'jirementsi 
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(c)  TAJiLi; 


ri.J&irr  INGINE  I’AH-UlvrtltlC  1>KSIGN  i‘ARAMKrEHS 


Thrust  , 
pounds 

rhu[nl)i.'r 
r.i'i'sBure , 
psiti 

Engine 

Mixture 

Itotio 

Engine 
Diniuetcr , 
iriclns 

100,000 

1000,  1500 

5.0,  5.5 

6.0,  6.5i 

7.0 

50,  70 

80,  90 

150,000 

1000,  1500 

5.0.  5.5, 

6.0,  6.5, 

7.0 

55,  60 

100,  110 

200,000 

1000,  1500 

5.0,  5o 

6.0,  6.5. 

7.0 

60,  80, 

100,  120 

250,000 

750,  1000,  1250 
1500,  1750,  2000 

5.0,  5.5,  6.0 
6.5.  7.0 

68.5,  80,  100 
120,  130 

300,000 

1000,  1500 

2000 

5-0,  5.5.  6.0 
6.5,  7.0 

70,  100, 

120,  140 

350,000 


750,  1000,  1250  5.0,  ").5,  6.0 

1500,  1750,  2000  6.5,  7.0 


80,  100,  120 
140,  ibO 


constant  chamber  pressures.  Therefore,  the  thrust  vill  vary  \>jth  tlie 
mixture  ratio  excursion  in  a  manner  similar  to  tliat  of  the  Demonstrator 
Module.  Subsequent  curve  callouts  of  thrust  refer  to  the  design  (loint 
thrust  level  at  Mil  =  6:1. 

(C)  Figure  160  shows  a  plot  of  engine  specific  impulse  vs  engine  diumetei' 
for  several  chamber  pressures.  This  plot  is  for  a  vacuum  thrust  of  ;  50K 
and  engine  mixture  ratio  of  6,0. 


(u)  The  increase  in  parametric  Flight  Module  performance  over  that  shown 
early  in  the  contract  effort  is  the  result  of  an  increased  area  ratio 
achieved  by  a  reduced  chamber  width  and  backup  structure  thickness,  im¬ 
proved  tapofl  gas  properties  (discussed  in  the  Demonstrator  Module  Per¬ 
formance  subsection,  page  99), and  projected  improvements  in  turbomachinery 
efficiencies . 


373 


NirZLf  A*£A 


(u)  The  thruut  chamber  cooling  presaure  drop  was  estitnuted  from  param¬ 
etric  licat  irnnsfer  studios  using  nickel  cooling  tubes.  This  imposes 
certain  heat  transfer  limits  of  chamber  presaure  and  engine  diameter  vhich 
arc  reflected  in  the  peifoiTDancc  curves.  Extension  of  the  chamber  pressure 
limits  may  be  achieved  by'  the  use  of  bciyllium-copper  or  other  advanced 
tube  materials. 


(U)  It  will  be  noted  that,  for  diameters  above  100  inches,  the  performance 
rcachca  a  maximum  value  before  the  maximum  chamber  pressure  is  reached. 

This  occurs  because  the  effect  of  the  increased  secondary  flow  offsets  the 
gain  in  specific  impulse  available  at  the  increased  area  ratio.  Figure  l6l 
presents  a  plot  of  nozzle  area  ratio  vs  engine  diameter  for  parametric 
chamber  pressure.  Figure  162  sliows  a  plot  of  engine  length  vs  engine 


Figure  I6l.  Effect  of  Engine 
Diameter  on  Nozzle  Area  Ratio 


Figure  .162.  Eiigine  Length  vs  Engine 
Diameter 
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diameter  for  several  percent  lengths.  Variations  in  engine  Icngtli  with 
thrust,  chamber  pressure,  end  engine  mixture  ratio  arc  negligible. 


System  Design 

(u)  Because  the  Demonstrator  Module  design  requirements  were  based  on 
expected  Flight  Module  requirements,  there  is  little  difference  between 
the  design  considerations  for  the  two  systems.  The  primary  differences 
lie  in  ft  ivdactioii  in  weight  and  an  extension  in  the  operating  life  of 
the  Flight  Modulo,  with  a  small  improvtment  in  porformancL ,  A  layout  of 
the  Flight  Module  was  shown  in  Fig-  159,  and  the  significant  differences 
betweoti  the  demonstrator  and  flight  systems  are  discussed  in  the  following 
paragraphs . 


(u)  Thr'iat  Subsystem.  The  thrust  subsystem  is  conceptually  identical  to 
the  proposed  demonstrator  thrust  subsystem  and  is  compi-ised  of  the  same 
basic  elements-  The  thrust  chamber  assembly  has  the  some  maximum  diameter 
of  100  inches,  but  the  overa  1  length  of  48.5  inches  is  8.25  inches  shorter 
than  the  demonstrator  length.  .As  opposed  to  the  demonstrator  thrust  sub- 
syoteui,  tilt  tapofi  manifold  is  integrally  welded  to  t!ie  injector,  end  the 
injector  is  attached  to  the  combustion  chamber  structure  by  bolts  passing 
through  the  40  subsonic  struts  that  are  integrally  welded  to  the  injector. 


(c)  Thrust  Chamber.  With  additional  development,  it  is  probable 
that  the  thrust  chamber  combustor  configuration  con  be  changed  from  the 
parral lel-wal 1  configuration  (2  inches  wide  by  6  inches  long)  to  a  smaller, 
tapeied-wall  design  (I-I/2  inches  wide  at  the  injector  by  4  inches  long). 
This  combustor  geometry  is  an  advanced  concept  evolved  from  the  Demonstrator 
Module  design  and  test  analysis  which  offers  improvements  in  weight  and 
performance.  The  annular  combustion  chamber  centerline  diameter  is 
94.0  inches  (l  inch  laigei-  than  me  Demonstrator  Module),  resulting  from 


the  smaller  combustion  width.  At  37-H  inches,  the  nozzle  is  0.8  inch 
longci-  than  the  Demonstrator  Module  nozzle  from  throat  to  exit  plane 

..  _  i  i  _ _ ij  i.„„  i _ 

I  A  %*  K  ^  \J  /  f  a  u  ^  a  \a  x  tkuj^  vi.,  &  ktw  a  M  w  tJ 

changed  from  k9 .bh  inches  to  51-0  inches. 


(U)  The  combustion  chamber  structure,  fabricated  from  cast  aluminum,  is 
a  smaller,  refined  version  of  the  Demonstrator  Module  concept  to  provide 
a  lighter-weight,  more  efficient  means  of  supporting  the  combustor  tube 
bundle.  The  low-pressure  portion  of  the  nozzle  is  supported  by  hoop  com¬ 
pression  bands  fabricated  from  Inconel  718-  Hie  truss  portion  of  the  thrust 
riount  is  welded  to  the  inner  periphery  of  the  combustion  chamber  structure 
near  the  throat  plane  rather  than  bolted  at  40  points. 


(C)  The  inner  nozzle  tube  bundle  still  incorporates  a  2:1  splice  4  inches 
below  the  throat;  however,  0.008-inch  wall  Inconel  625  is  used  for  tlic 
tubes  below  the  splice,  replacing  the  nickel  tubes  of  the  Demonstrator 
Module . 


(<^)  In  lector .  The  Flight  Module  injector  incorporates  a  similar 
triplet  orifice  pattern  as  the  Demonstrator  Module;  however,  the  injector 
face  has  been  reduced  from  a  width  of  2  inches  to  l-l/2  inches,  and  the 
centerline  diameter  increased  from  95-0  inches  to  94.0  inches.  In  con¬ 
tras  i  to  the  pemonatrator  Hodul*’,  the  hot— gnn  pRseagcB  from  tile  tapoff 
ports  extend  through  the  injector  to  the  common  tapoff  manifold  instead 
of  thro-  h  the  combustor  inner-body  structure,  thus  eliminating  the  hot- 
gr.s  seals  required  on  the  demonstrator.  The  flight  injector  body  is 
attached  to  the  combustion  chamber  structure  by  the  bolts  passing  through 
the  40  subsonic  struts.  A  tapered  oxiviiz.er  inlet  manifold  with  two  tan- 
gentia.  inlets  is  welded  to  the  top  of  the  injector. 
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(ij)  Base  CloBurr.  The  fJighl  thrust  rliombcr  base  closure 
icul  to  the  demonstrator  vith  tbc  escepiioii  of  a  smalloi  depth 
AH  nniiosed  to  12  inches)  and  relocatioG  fui't 
cavity,  which  decreases  overall  engine  length. 


is  ident- 
(il  inches 
ChuIiiuCi' 


(u)  Thrust  Structure.  The  thrust  structure  foj'  the  Flight  Module 
will  be  identical  in  concept  to  the  deni 'natrator  structure.  The  Flight 
Module  thrust  mount,  however,  is  refined  from  the  dtoions Lrator  in  that 
the  radial  beams  arc  arranged  ajTnmctrical Ij  (a  direct  result  of  a  decrease 
in  turbopump  size),  and  the  truss  portion  is  welded  to  the  peripliery  of 
the  combustor  inner  body.  The  synanc Irical  arrangement  i-csults  in  a  min¬ 
imum  weight.  A  spherical  gimhal  hearing  block  of  the  type  used  on  the 
J-2  engine  system  rather  than  the  nonrotating  mount  of  the  demonstrator 
is  attached  to  the  tlirust  mount  heu  at  the  engiin  It^ngiludinul  centerline 
and  transmits  thrust  loads  to  the  vehicle  structure.  The  gimhal  bearing 
allows  the  engine  thrust  vector  to  be  varied  7  degices  in  any  direction 
from  the  neutral  position. 


(U)  rropollant  Feed  Subsyatoni.  The  Flight  Module  propellant  food  sub¬ 
system  is  comprised  of  the  same  basic  components  as  the  demonstrator  sub¬ 
system.  All  components  within  the  system  are  functionally  identical  to 
tlic  components  employed  on  the  demonstrator  and  are  mounted  in  the  same 
manner.  Component  refinements  and  modifications  have  been  incorporated 
to  save  weight,  increase  reliability,  and  adapt  the  system  to  vehicle 
operAxion.  Ail  components  and  plumbing  arc  joined  by  welding, thus  eliminat¬ 
ing  the  bolted  flange  connections  used  on  the  Demonstrator  Engine. 

(U)  The  fuel  and  oxidizer  turbopianpe  arc  shorter  units  than  those  employed 
on  the  Demonstrator  Module,  rcsultiig  in  a  decrease  in  engine  weight  and, 
also,  allowing  the  fuel  pump  discharge  manifold  to  be  located  below  the 
thrust  mount  beam,  which  minimizes  the  fuel  duct  length  and  routing  com¬ 
plexity.  A  3-inch  reduction  in  the  fuel  pump  length  was  projected  based 
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upc-n  improved  hydrodjiiomic  pasaage  dcaign  and  reduction  in  the  pump 
impeller  and  turbine  rotor  lengtba,  A  l-l/2-incli  reduction  in  the 
oxidizer  pump  length  -was  projected  for  similar  reasons. 

(U)  The  external  line  used  on  the  demonstrator  oxidizer  tarbopump  for 
supplying  oxidizer  power  to  drive  the  low— speed  preinduccr  turbine  was 
replaced  by  an  internal  flow  passage  in  the  pump  assembly  housing,  thus 
miniiuizing  package  envelope. 

(U)  The  Flight  Module  main  propellant  valves  dilfer  from  the  Dcmoiiatrator 
Module  valves  in  that  they  are  individually  sized  to  their  respective 
feed  line  diameters  and  pressures,  and  the  valve  bodies  are  «'e8igned  to 
provide  the  capability'  of  welded  assembly',  thus  eliminating  seals  and 
minimizing  system  weight.  Helium  pneumatic  supply  is  used  for  the 
actuators . 


(ij)  Turbine  Drive  Subsystem.  The  turbine  drive  subsystem  fuel  and 
oxidizer  turbine  discharge  ducts  formerly  used  cii  the  Demonstrator  Module 
have  been  eliminated  by  relocating  the  turbopumps  deeper  into  the  engine 
cavity'.  Thus,  the  turbines  discharge  directly'  into  the  base  closure. 

All  other  component  configurations  are  similar  to  those  used  on  the  Demon¬ 
strator  Module  except  tliat  welded  joints  replace  the  bolted  connections. 

(U)  Hot-Gae  Ignit  ion  Subsystem.  The  Flight  Module  hot-gas  ignition  sub¬ 
system  is  conceptually  identical  to  the  demonstrt-tor  subsystem,  with  the 
only'  differences  being  that  welded  connections  are  cmploy'erl  between  com¬ 
ponent  and  subsy'stem  interfaces,  and  pneumatic  power  is  used  for  the  valve 
ac  tuators . 

(u)  Throttling  and  Mixture  Ratio  Control.  T'’e  Flight  Module  control 
system  anJ  actuation  power  subsystem  are  functionally'  identical  to  those 
used  on  the  Demonstrator  Module,  with  the  exception  that  pneumatic  power 
is  used  for  the  valve  actuators. 
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(u)  Ma.sa  Tropcrtica ■  The  Flight  Module  center  of  gravity  location, 
moment  of  inertia  properties,  and  veight  are  outlined  below.  A  detail 
summary  of  module  system  and  subsystem  component  W7iglita  is  presented 
on  page  380* 


ENGINE 

WEIGHT, 

POUNDS 

CENTER  OF  GRAVITY, 
INCHES 

MOMENT  OF  INERTIA, 

SLUG  FT‘ 

Y 

X 

2 

uni 

mm 

WBrn 

2939 

+  10.7 

+0.5 

+0.3 

735 

624 

588 

(U)  Weight.  Tlie  Flight  Module  weights  were  projected  on  tlie  assumption 
that  development  efforts  and  design  refinements  that  would  be  impractical 
for  the  Demonstrator  Module  could  be  made  for  the  Flight  Module.  For 
example,  flanged  fittings  are  used  throughout  the  Demonstrator  Module 
to  reduce  development  coat  and  time.  The  Flight  Module  will  have  all 
welded  fittings,  resulting  in  a  significant  weight  saving.  Advanced  tech¬ 
nologies  beyond  the  scope  of  the  demonstrator  program,  but  which  could  be 
realized  in  a  Flight  Module  development  program,  liave  also  contributed  to 
a  weight  reduction.  A  comparison  of  the  Demonstrator  and  Flight  module 
weights  is  presented  in  Table  53.  A  summary  of  tlie  basic  reasons  behind 
the  indicated  weight  differences  for  each  of  the  components  is  shown  in 
Table  54 . 


(U)  Interface  and  Environmental  Requirements.  The  vehicle  connection 
points  for  the  mod  ile  are  the  gimbal  block,  actuator  attach  points,  pro¬ 
pellant  inlets,  and  the  electrical  and  penumatic  supply.  The  dimensional 
location  of  the  required  interfaces  for  these  connections  is  listed  in 
Table  55 •  Because  the  Demonstrator  Module  was  designed  to  meet  the  Flight 
Module  environmental  conditions,  no  changes  in  design  are  projected  in 
this  area. 
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(This  page  Is  Unclassified) 


(c)  TAULL  53 


SUMMARY  COMPARISON  OF  DEMONSTRATOR  AND  FLIGlIl'  ENGINE  WEIGHTS 


DcSosatjat’ii  r^nlue 

r light  uiglne 

Thrust  SubaysteiD 

(2675)* 

(1726) 

InJcvtiT  and  Manifold 

332 

210 

Injector  Clamp  Rings 

U4 

- 

structural  Tl« 

47& 

228 

Innsr  Body 

(772) 

(547) 

lunar  Dody  Structure 

258 

Tuboi  aud  Braac 

159 

HoksIs  Structure 

100 

Tnlst  Manifold 

30 

Outer  Body 

(431) 

(341). 

Outer  Body 

267 

Tube  a  aud  Braae 

52 

Return  Manifold 

22 

Base  Closure 

72 

72 

Topoff  Manifold 

60 

58 

Tlij  ust  Structure 

300 

270 

Attach  Parts 

70 

- 

Turbine  Drive  Saboyaten 

(106) 

( 

76) 

Tapoff  Piuea 

26 

23 

Inlet  Duet  Oildlaer  Turbine 

6 

2 

Exhaust  Ducip  Turbine 

18 

Tapoff  Throttle  Valve 

36 

34 

Oxidizer  Turbine  ‘nirottle  Valve 

18 

15 

Calibration  Orifices 

2 

2 

Uotmaa  Igniter  SubayaiGB 

(112) 

( 

105) 

Coabustor  and  Injector 

47 

46 

Hut-Oaa  Dlatrlbutlon  Manifold 

33 

32 

Hot-Oa«  Igniter  Isolation  Valve 

28 

23 

Propellant  Feed  Line 

2 

2 

Oxldlxer  Pressure  Regulator 

2 

2 

Propellant  Peed  Subaystea 

(1028) 

833) 

Oxldlfi*r  Turbopuiip 

(343) 

(258) 

Preinducer 

54 

43 

Punp  Aaaenbly 

91 

76 

Turbine  Aaaembly 

198 

139 

Turbopuap 

(453) 

(347) 

Preinducer 

41 

30 

Pump  Aaaembly 

204 

16s 

TnrOjne  Aaaenbiy 

20B 

149 

Propellant  Ducting 

61 

59 

Propellant  Flow  Sensors 

0 

9 

Main  Oxidizer  Valve 

60 

59 

Main  PUel  Valve 

59 

58 

Igniter  Propellant  Control  Valve 

11 

11 

Mounts  Turbopuap 

32 

32 

Vent  and  Purge  Subayatca 

(  29) 

Ginbul  Bearing 

81^ 

■ 

Controls  Electrical 

Control B  Phneumatlc 

52^ 

Total  Engine  Weight 

(3950) 

(2939) 

^I'brust  cbanber  aflaembly  veip:ht  (thiust  subayateiD  Dinua  thrust  atrurture)  ■■  2379  poiinda 
'**'*^Tbrust  chcuober  asaenbly  weight  (thrust  aubayateic  ainua  thrust  structure)  "  1436  poujida 


(c)  TABLE  55 
INTERFACE  LOCATION 


X, 

in. 

Y, 

in. 

B 

Gimbal  Center 

0 

Gimbal  Attach 

+3.5 

0 

Fuel  Pump 

+9.5 

+15.5 

Oxidizer  Pump 

+7.5 

-13.75 

Actuator  Attach 

On  thrust  structure  ring 

Points 

(two  at  90  degrees) 

To  be  determi 


Electrical  and 
Pneumatic 


ined 


APPLICATION  STUDY 


(u)  The  prime  objective  of  this  study  was  to  define  a  single  engine  module 
vhicb  provides  a  high  performance  index  for  the  vehicle  applications  defined 
by  the  Air  Force.  Six  vehicles  were  defined  for  a  250K  vacuum  thrust  level 
(Ref .5)1  and  six  vehicles  were  defined  for  a  350K  vacuum  thrust  level 
(Ref.  6). 

(C)  It  was  concluded  from  this  study  that  the  common  module  for  the  250K 
vehicles  should  have  a  diameter  of  78  inches  and  a  rated  thrust  chamber 
pressure  of  I3OO  psia.  Table  3^  summarizes  the  engine  and  installation 
data  of  the  common  module  in  the  six  vehicles.  The  module  defined  in  this 
study  is  truly  eommon  in  that  there  are  no  changes  or  modifications  re¬ 
quired  from  vehicle  to  vehicle. 

(C)  The  common  module  parameters  for  the  350K  vehicles  were  determined  to 
be  a  diameter  of  96  inches  and  a  rated  thrust  chamber  pressure  of  1370 
psia.  The  engine  and  installation  data  summary  is  shown  in  Table  57. 

(c)  The  parameters  for  optimum  and  common  modules  for  all  vehicles  at 
both  thrust  levels  are  summarized  in  Fig.  I63.  In  general,  the  lower-stage 
vehicle  modules  optimize  at  higher  chamber  pressure  than  the  modules  for 
the  upper-stage  vehicles,  and  the  recoverable  vehicle  modules  optimize  at 
significantly  lower  chamber  pressures  than  do  those  in  the  expendable  ve¬ 
hicles.  The  optimum  chamber  pressure  never  exceeds  19OO  psia.  It  is  seen 
that  for  each  case  (250K  and  350K) , the  optimum  pressures  are  approximately 
the  same,  and  as  anticipated  the  optimum  diameters  are  larger  for  the  350K 
modules.  This  same  trend  appears  in  the  common  modules;  namely,  approxi¬ 
mately  the  same  chamber  pressure  for  both,  and  the  250K  common  module  has  . 
a  diameter  of  78  inches  compared  to  the  96  inches  diameter  for  the  350K 
common  module. 
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HOOULE  DIAHETEK.  INCHES 


Figure  Ibj.  Application  Study  Parameters  for  Optimum  and  Common 
Modules  (six  Cases),  MR  =  6 


(u)  Tnr  area  ratios  for  the  u|>iiniuiii  and  common  modulca  arc  presented  In 
Fig.  164.  The  area  ratio  for  each  vehicle  at  both  thrust  levels  arc  approx¬ 
imately  the  same.  This  la  also  true  for  the  common  modules. 

(u)  A  summary  of  veight,  maximum  diameter,  and  performance  for  the  opti¬ 
mum  and  common  modules  is  presented  in  Tables  !!i6  and  59* 

(u)  This  study  has  shown  that  performance  index  is  quite  insensitive  to 
chamber  pressure.  In  general  a  rather  wide  variation  in  chamber  pressure 
and/or  module  diameter  can  be  accommodated  with  a  resulting  performance 
index  loss  of  less  than  one  percent.  An  exception  to  this  is  Case  4  for 
both  thrust  levels.  Even  though  the  loss  for  this  case  is  farily  insensi¬ 
tive  to  a  large  change  in  chamber  pressure,  because  of  the  geometry  of  the 
given  configuration,  a  small  increase  in  module  diameter  leads  to  a  large 
loss  in  performance  index.  This  has  a  strong  influence  on  the  diameter  of 
the  common  module. 

(c)  The  results  of  the  special  studies  based  on  the  selected  common  module 
for  the  25OK  thrust  class  vehicles  are  summarized  below; 

1.  Constant  Thrust  Mode  in  lieu  of  the  Selected  Constant  Chamber 
Pressure  Control  Mode  -  the  study  indicates  that  when  the  con¬ 
stant  vacuum  thrust  mode  is  used; 

a.  The  pea.K  mixture  ratio  shifts  slightly  to  a  lower  value 

b.  There  is  no  noticeable  change  in  the  maximum  performance 
index 

c.  The  optimum  operating  parameters  remain  essentially  unaffected 

2,  Nozzle  Percent  Length  Variation  -  The  study  shows  that  the  increase 
in  performance  index  is  extremely  small  as  the  nozzle  percent 
length  is  increased  from  the  designed  value  of  23  percent. 


CHAMBER  PRESSURE,  PSJA 


Figure  164.  Area  Ratio  for  Optimum  and  Common  ^'^duleB 
Six  Cases  (M.R.  =  6.0) 
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3.  Programmed  Mixture  Ratio  ~  Small  gains  in  performance  index  can 
be  achieved  in  the  booster  vehicles  through  use  ol  programmed 
mixture  ratio.  The  largest  potential  gain  in  performance  vas 
realized  in  the  singie  stage  to  orbit  vehicle.  In  this  case, 
the  increase  in  performance  index  amounted  to  approximately  2 
to  3  percent. 

4.  The  Use  of  a  Side  Gns  Injection  Thrust  Vector  Coyitrol  System  in 
lieu  of  a  Mechanical  Gimbuling  System  -  The  comparative  study 
indicates  that  mechanically  gimbaling  the  engine  results  in  the 
highest  performance  index  for  all  vehicles. 

(U)  A  study  was  conducted  to  determine  the  effect  of  stage  veight-growth 
constants  vhich  were  specified  for  each  vehicle  o,i  the  optimum  module  paiaui™ 
eters  us  the  constants  for  the  recoverable  vehicles  approached  unity.  The 
conclusion  was  that  as  the  constants  approached  miity  the  optimum  chamber  . 
pressures  for  the  recoverable  vehicles  approached  the  chamber  pressures  for 
the  expendable  vehicles. 

(g)  Listed  below  are  the  significant  conclusions  reached  in  the  Phase  1, 
Applications  Study. 

1.  The  common  250K  aerospike  engine  to  meet  all  six  Air  Force  appli¬ 
cations  should  have  a  design  chamber  pressure  of  1300  psia  and 
a  diameter  of  78  inches.  The  common  350K  aerospike  engine  should 
have  a  design  chamber  pressure  of  1370  psia  and  a  dinineter  of 
9h  inches. 

There  is  no  significant  performance  ir.dex  advantage  to  increasing 
the  250K  or  350K  aerospike  engine  design  chamber  pressure  to  a 
value  greater  than  1500  psia  for  any  of  the  six  Air  Force  defined 
vehicles  and  missions. 
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3.  Based  on  the  Air  Force  defined  missions  and  vehicles,  there  is 
no  need  to  throttle  the  conanon  acrospike  engine  deeper  than  5:1, 
nor  operate  over  a  mixture  ratio  range  greater  than  5.7:1  to 
6,7:1,  except  for  possible  propellant  utilization  requireuento . 

4.  The  Air  Force  defined  reusable  vehicles  all  require  significantly 
lower  engine  chamber  pressures  to  maximize  perlormauce  index  than 
do  the  expendable  vehicles. 


